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ABSTRACT 
Boiling heat transfer to electrolyte solutions is an essential operation in most 
concentration, crystallization and separation processes. The reliable prediction of heat 
transfer coefficients is, therefore, of major importance for optimum and economical 
overall plant design. While extensive research efforts have been devoted to the 
mechanisms of boiling of pure liquids and of liquid mixtures, hardly any information 
is available on the effects of dissolved salts on the boiling heat transfer coefficient. In 
subcooled flow boiling this lack of data is even more pronounced. Accurate prediction 
of clean heat transfer coefficients is also a pre-requisite for any in depth study on 
fouling in these processes, because of the strong influence of surface temperature on 
the deposition rates. 
Fouling of heat transfer surfaces during subcooled flow boiling is a frequent 
engineering problem in process industries. Nevertheless, only few experimental and 
theoretical investigations on this subject can be found in the literature and there is a 
lack of experimental evidence and physical understanding with respect to heat transfer 
to electrolyte solutions under clean and fouled conditions. 
The purpose of this study was to investigate 'clean' heat transfer and fouling 
phenomena under subcooled flow boiling heat transfer conditions for some electrolyte 
solutions. In this investigation the effect of operating parameters on the deposition of 
calcium sulphate and calcium carbonate on heat transfer surfaces during subcooled 
flow boiling was investigated. A large number of experiments were performed to 
determine the mechanisms which control deposition. Fluid velocity, surface and bulk 
temperature, concentration and ionic strength of the solutions were varied 
systematically. Finally, a mechanistic model is suggested for prediction of fouling 
resistances, which is in good agreement with the experimental data. Furthermore clean 
heat transfer to several electrolyte solutions under subcooled flow boiling conditions 
was studied and a model was developed to predict heat transfer coefficients for these 
conditions. 
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1. INTRODUCTION 
1.1 Boiling Heat Transfer to Electrolyte Solutions 
Boiling heat transfer to electrolyte solutions is an essential operation in most 
concentration, crystallization and separation processes. Heat transfer mostly occurs in 
large heat exchangers or multiple effect evaporators, which are often the major cost 
component of the total plant cost. Sea water with high ionic strength is used as cooling 
medium in industries which are located in coastal regions and in desalination plants 
to produce fresh water. As a result of oil and mineral exploration the demand for fresh 
water in the coastal regions of the Persian Gulf has become such that the evaporation 
of sea water with an ionic strength of 0.91 mole/I becomes common practice. The 
reliable prediction of heat transfer coefficients is, therefore, of major importance for 
optimum and economical overall plant design. Accurate prediction of clean heat 
transfer coefficients is also a pre-requisite for any in depth study on fouling in these 
processes, because of the strong influence of surface temperature on the deposition 
rates. 
Heat transfer during boiling has been investigated intensively and many phenomena 
have been explained. However, because of the great variety of effective parameters 
and the complexity of the phenomena, theoretical analysis cannot provide a general 
equation for boiling heat transfer coefficients of different substances and at different 
conditions. All correlations given in the literature have a relatively large uncertainty 
and can be used only in limited cases. Therefore, measurements of heat transfer 
coefficients for different substances and at different conditions are still necessary. 
While extensive research efforts have been devoted to the mechanisms of boiling of 
pure liquids and of liquid mixtures, hardly any information is available on the effects 
of dissolved salts on the boiling heat transfer coefficient. In subcooled flow boiling 
this lack of data is even more pronounced. Boiling heat transfer coefficients for 
electrolyte solutions will be different from those for pure water because of the widely 
different surface tension, wetting characteristics and bubble coalescence behaviour. 
There are several investigations on the prediction of heat transfer coefficients during 
forced convective boiling but the suggested models have not been tested for electrolyte 
solutions. 
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1.2 Scale Formation During Boiling 
One of the most expensive problems in sea water desalination is fouling of the 
evaporator heat transfer surfaces, which limits the widespread production of large 
quantities of fresh water. The economics of the widely used evaporative process are 
determined by how much seawater can be concentrated before fouling occurs. As a 
result of deposits greater energy input is required to maintain a sufficiently large 
temperature difference between the heat source and the solution. The process liquid 
enters the evaporator at a temperature which is lower than its saturation temperature 
causing subcooled flow boiling to occur. This mode of heat transfer is characterized 
by generation of vapour bubbles at the heat transfer surface while the bulk temperature 
of the liquid is still below the saturation temperature of the solution. Bubbles 
detaching from the heat transfer surface collapse and condense in the subcooled liquid 
bulk. Subcooled boiling generally occurs over a considerable length of the evaporator 
and may represent up to 50% of the total heat duty [1]. 
The evaporation rates per square meter of heat transfer surface are far greater in 
today's units than they were a decade ago. This implies that the wall superheat has 
been greatly increased in modern boilers, which in turn, demands a deeper knowledge 
of the phenomena related to boiling heat transfer. One of the phenomena which is still 
not understood is the fouling of the boiler heat transfer surfaces when they are 
exposed to the industrial fluids. The current method for designing industrial boilers 
exposed to a fouling environment is by using an assumed fouling resistance taken 
from tables of questionable accuracy or similar experience-based sources [2]. Using 
a constant value of a fouling resistance at the design stage may predict what will 
happen to the boiler performance but not when it will happen. Thus, it is likely that 
the equipment will have to be taken out of service for cleaning at an inconvenient and 
economically undesirable time. The fouling process is obviously a time function, 
therefore, a rational design procedure for boilers exposed to fouling conditions should 
allow not only the forecasting of how much fouling deposit will build up, but also the 
time and the rate at which this will happen [3]. Furthermore, with the knowledge of 
the fouling rate, the field engineer would be in position to plan the cleaning schedule 
of the evaporators and the use of on line chemical or mechanical cleaning methods 
conforming with operational and process requirements. 
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1.3 Fouling of Heat Transfer Surfaces 
Fouling is the formation of undesired deposits on heat transfer surfaces. Due to its low 
thermal conductivity, the deposit usually decreases the overall heat transfer coefficient, 
and therefore causes a significant loss of thermal exchange capacity. Because of the 
variety of fouling problems many classifications have been suggested. One which is 
well accepted and is based on the key physical/chemical processes which occur is 
described below [4]: 
Precipitation Fouling 
This type of fouling is related to the deposition of a solid layer on the heat transfer 
surface from a solution containing dissolved inorganic salts and is referred to as 
scaling. Every salt has a solubility limit at a given temperature. If this limit is 
exceeded, precipitation will occur. Supersaturation can be achieved as the result of one 
of the following processes: 
1. Evaporation of a solution beyond the solubility limit of a dissolved salt. 
2. Mixing of two different streams can cause supersaturation. 
3. Cooling down or heating up normal or inverse solubility salts. 
Most salts have solubility curves for which the solubility increases as temperature 
rises. However, some salts show "inverse" solubility characteristics. For these salts, 
solubility decreases with increasing temperature over some range. If water containing 
such a scale-forming salt enters a heat exchanger and is subsequently heated, the 
solubility limit may be exceeded and deposition of the scaling material will take place 
on the hot heat transfer surface. In other words, precipitation fouling is primarily due 
to the presence of supersaturated salts under the process conditions. The fundamental 
driving force for deposition is the difference between the chemical potential of the 
substance in the solution and at the surface of the deposit. Precipitation fouling is a 
major problem in industrial systems and the ability to predict the rate and extent of 
thermal scaling processes can be of great help in evaluation of the performance of a 
heat exchanger. In this investigation therefore this type of fouling has been studied. 
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Particulate Fouling 
Particulate fouling is the accumulation of particles from a fluid containing suspended 
solids. In some installations the deposition occurs due to gravity, in which case it is 
referred to as sedimentation fouling. The suspended particles may be pollutants, 
upstream corrosion products, or products from chemical reactions occurring in the bulk 
fluid. 
Chemical Reaction Fouling 
In this type of fouling a chemical reaction occurs on the heat transfer surface and the 
solid product remains on the surface. Cracking and polymerization of hydrocarbons 
are examples for this type of fouling. Corrosion fouling is a specific form of chemical 
reaction fouling. 
Biological Fouling 
Growth of living organisms on heat transfer surface is the cause of this type of 
fouling. These organisms can be either microorganisms such as bacteria or algae, or 
macroorganisms such as barnacles. 
Solidification (Freezing) Fouling 
This type of fouling occurs as a result of the solidification of a fluid or some of its 
higher melting components on a sub-cooled heat transfer surface. Ice formation during 
cooling of water and deposition of paraffin wax from hydrocarbon solutions are some 
examples. 
Any of the above types of fouling can occur simultaneously. The above fouling 
mechanisms generally occur in five consecutive steps: 
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Initiation Period or Delay Period 
When the new or cleaned heat exchanger has been taken into operation, the initially 
high heat transfer coefficients may remain unchanged for a certain time. During this 
time, nuclei for crystallization are formed or nutrients for biological growth are 
deposited. This delay period may last any time from few seconds to several days. For 
crystallization fouling and for chemical reaction fouling, the initiation period decreases 
with increasing surface temperature, as supersaturation and/or reaction rate increase 
[4]. 
Mass Transport 
To form a deposit at the heat transfer surface it is necessary that at least one key 
component is transported from the fluid bulk to the heat transfer surface. In most 
cases, this occurs by diffusion. 
Formation of Deposit 
After the foulant has been transported to the heat transfer surface it should stick to the 
surface (for particulate fouling) or react to the deposit forming substance (for 
precipitation fouling). If the total matter available for deposition sticks to the heat 
transfer surface, the concentration at the wall, Cw, becomes zero. The deposition is 
then controlled by the diffusion to the heat transfer surface. If Cw is only slightly less 
than Cb, fouling is reaction or sticking controlled. 
Removal or Auto-Retardation 
Depending on the strength of the deposit, erosion occurs immediately after the first 
deposit has been laid down. Furthermore, several mechanisms exist which cause auto- 
retardation of the deposition process. For the thermal boundary condition of constant 
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temperature difference between heated and cooled fluid, the growth of deposit causes 
a reduction of the driving temperature difference between heat transfer surface and 
fluid. 
Aging 
Every deposit is subjected to aging. Aging may increase the strength of the deposit by 
polymerization, recrystallization, de-hydration etc. Aging is the least investigated and 
understood step and is usually ignored in modelling attempts. 
1.4 Cost of Fouling 
Despite the enormous costs associated with heat exchanger fouling, only very limited 
research has been done to determine accurately the economic penalties due to fouling 
and to attribute these costs to the various aspects of heat exchanger design and 
operation. However, reliable knowledge of fouling economics is desirable to evaluate 
the cost effectiveness of various mitigation strategies. The total fouling related costs 
consist of: 
Capital Expenditure. This includes excess surface area, costs for stronger foundations, 
provisions for extra space, increased transport and installation costs. There are 
additional capital costs for antifouling equipment, such as the installation of on-line 
cleaning devices, pre-treatment plants and cleaning in-place equipment. 
Fuel Costs. Costs for extra fuel occur if fouling leads to extra fuel burning in furnaces 
or boilers or if more secondary energy such as electricity or process steam is necessary 
to overcome the effects of fouling. 
Maintenance Costs. Maintenance costs are costs for removing fouling deposits and 
costs for chemicals or other operating costs for antifouling devices. 
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Costs Due to Production Loss. Because of planned and unplanned plant shut-downs 
due to fouling in heat exchangers, large production losses are possible. These costs are 
often considered to be the main cost of fouling and are very difficult to estimate. 
1.5 Fouling Resistances and Fouling Curves 
Figure 1.1 shows a heat transfer surface, with fouling layers on both the inner and 
outer sides of the wall. For a plane heat transfer surface, the total heat flow can be 
expressed as: 
Aai (Tbi -T fi) =A 
fi (T fl -T 1) =A 
ým 
(TWi - Two ) 
Xfi 'gym (1-1) 
A 
ýfo 
(T,, 
o_Tfo) =Aa0 
(Tfo-Tb,, ) = AUf ( Tbi - Tbo) Xfo 
The overall heat transfer coefficient used in Equation (1-1) in clean conditions is 
defined as: 
1_1+ Xm 
+1 (1-2) 
Uc OGi l. m ao 
and the overall heat transfer coefficient in fouled condition is: 
1_1+ Xfi 
+ 
Xm 
+ 
Xfo 
+1 (1-3) 
Uf ai a' fi 
Im A 
fo a0 
In many cases, fouling occurs only on one side of the heat transfer surface and, hence, 
Equation (1-3) reduces to: 
11+ Xm 
+ 
Xf 
+1 
Uf ai Am Ä, f ao 
(1-4) 
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and the fouling resistance is defined as follows: 
11 Rf -----f Uf UC ;, f 
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Tfo 
/ Two 
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(1-5) 
Fouling Layer 
hf9stýhwý6v ffý 
Fouling Layer 
Figure 1.1 Temperature profile in a fouled heat exchanger wall 
Based on this definition, the solid deposit per unit surface area of the fouling layer can 
be expressed as: 
mf =p fXfR f 
(1-6) 
If the density and thermal conductivity of the fouling layer remain constant, Rf is thus 
directly proportional to mf. Usually the deposition is accompanied by a removal 
process due to the shear forces exerted by the fluid flow. The presence of particulate 
solids in the crystal lattice of the fouled layer, or the increase of the thickness of the 
deposit make the fouling layer more fragile and enhance the removal rate. The net rate 
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of increase of the fouling layer is therefore: 
d 
dt =and - 
mr (1-7) 
Subscript "d" refers to deposit and "r" to removal. Figure 1.2 shows different fouling 
curves for three essentially different cases. The shape of each curve is indicative of 
the phenomena occurring during the fouling process. 
I- A linear relationship (curve A) is generally characteristic of tough, hard, 
adherent deposits and indicates that the deposition rate is constant and there is 
no removal or that the difference between deposition rate and removal rate is 
constant. 
II- A falling rate (curve B) shows that the rate of solid deposition is slowing down 
with increasing thickness of the layer. This type of fouling curve may be 
obtained even though there is no removal, due to retardation mechanism that 
increase as the deposit builds up. For example in the case of constant 
temperature difference between heated and cooled fluid, the driving 
temperature difference between heat transfer surface and fluid reduces due to 
the growth of the deposit. 
III- An asymptotic curve (curve C) is generally characteristic of "soft" or fragile 
deposits, which flake off easily due to the shearing force of the fluid flowing 
past them. This behaviour can be obtained if the deposition rate is constant and 
the removal rate is proportional to the thickness of the deposit. In this case the 
fouling resistance reaches a limiting value and obeys a simple exponential 
equation. 
IV- Curve D is occasionally observed with commercial cooling tower water [5] and 
sea water. The "sawtooth" configuration is brought about by periodic changes 
of conditions (such as temperature) and occurs when all or part of the deposit 
is suddenly removed. Subsequent growth of deposit results in a sawtooth 
pattern. 
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Figure 1.2 Typical fouling resistance-time curves 
While the fouling resistance-time curve may be of great importance to the designer, 
one must be careful in interpreting the curves with respect to describing the 
mechanisms that occur. The fouling curve is the result of a combination of deposition 
and removal, which are very complex and often interrelated processes. 
As is shown in Figure 1.2, the curves of fouling resistances versus time can be divided 
into three different phases. Phase I: induction, phase II: transition, phase III: fouling. 
It must be remembered that phases I and/or II need not necessarily occur. 
Occasionally, particularly with new surfaces, a delay time is observed before 
deposition occurs (phase I in Figure 1.2). During this time nuclei are forming on the 
surface and their population is growing with time. In the transition period (phase II in 
Figure 1.2) the curve shows negative values for the fouling resistance. This implies 
an enhancement of heat transfer which is frequently observed due to increased 
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Time sec 
roughness of the surface or an increase in the number of active bubble nucleation sites 
during boiling, as a result of the deposit. 
1.6 Scope of Present Work 
Fouling of heat transfer surfaces during subcooled flow boiling is a frequent 
engineering problem in process industries. Nevertheless, only few experimental and 
theoretical investigations on this subject can be found in the literature and there is a 
lack of experimental evidence and physical understanding with respect to heat transfer 
to electrolyte solutions under clean and fouled conditions. The purpose of this study 
was to investigate 'clean' heat transfer and fouling phenomena under subcooled flow 
boiling heat transfer conditions for some electrolyte solutions. In this investigation the 
effect of operating parameters on the deposition of calcium sulphate and calcium 
carbonate on heat transfer surfaces during subcooled flow boiling was investigated. A 
large number of experiments were performed to determine the mechanisms which 
control deposition. Fluid velocity, surface and bulk temperature, concentration and 
ionic strength of the solutions were varied systematically. Finally, a mechanistic model 
is suggested for prediction of fouling resistances, which is in good agreement with the 
experimental data. Furthermore clean heat transfer to several electrolyte solutions 
under subcooled flow boiling conditions was studied and a model was developed to 
predict heat transfer coefficients for these conditions. It is hoped that this study will 
give a better insight into the prediction of fouling and heat transfer processes. Figure 
1.3 gives a flow chart showing the scope of the work covered in this study. 
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2. EXPERIMENTAL EQUIPMENT 
The measurements in this investigation covered two heat transfer modes: 
- Heat transfer under pool boiling condition 
- Heat transfer under subcooled flow boiling condition 
The test rigs used in these measurements are described below. 
2.1 Pool Boiling Test Rig 
The measurements for saturated boiling conditions were performed using the pool 
boiling apparatus shown in Figure 2.1. 
Figure 2.1 Pool boiling test rig 
R 
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It consists of an electrically heated cylindrical tank, containing 30 litres of the test 
liquid (see Figure 2.2). The tank is connected to a condenser and pre-heater which 
recycle the vapour produced. In order to keep the test liquid at precisely the saturation 
temperature during the experiment, the power supply for the preheater and tank heater 
is regulated by an electronic temperature controller and a variable transformer. The 
bulk temperature of the liquid is measured with an E type thermocouple located just 
below the test heater. The gauge pressure at the bottom of the tank is monitored 
continuously and is manually regulated through the flow rate of cooling water in the 
condenser. The test heater rod used in this equipment is described in detail in section 
2.4. Up to three test heaters can be mounted horizontally within the tank. Each of the 
test heaters is connected to a separately adjustable power supply permitting 
measurements with a single heater or several test heaters. The heat flux of each test 
heater can be altered between 1 kW/m2 and 400 kW/m2. Observation glasses in the 
front and back of the tank give the possibility to take pictures of the test heater in 
operation. All wetted parts of the apparatus, with the exception of the observation 
glasses, are made of stainless steel. 
P 
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Figure 2.2 Schematic diagram of pool boiling test rig 
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2.2 Flow Boiling Test Rig 
Figure 2.3 shows the flow boiling apparatus used for measurements of heat transfer 
coefficients under subcooled flow boiling conditions. 
I 
.ýý 'rýsl 
_. 
Figure 2.3 The heat transfer loop 
Y 
The measurements of subcooled flow boiling heat transfer coefficients under clean and 
fouled conditions were performed in two parallel test sections. The fluid was pumped 
from a temperature controlled supply tank through the annular test sections, see Figure 
2.4. The flow velocity was measured by orifice plates in conjunction with electronic 
differential pressure cells manufactured by Taylor Instruments. The flow rate was 
controlled with a gate valve, prior to the test section, and with the bypass line. The 
same heaters were used in the flow and pool boiling experiments to eliminate surface 
effects. 
The pressure in the heated section was measured locally with a0 to 400 kPa pressure 
gage. The pressure could be altered by varying the flow rate and the amount of bypass 
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flow. The supply tank was maintained at a predetermined temperature with an internal 
cooling coil and two temperature controlled heating bands on the external surface. The 
bulk temperature was measured with E type thermocouples located in mixing chambers 
before and after the test section. The solution was passed through a filter ("Betapure", 
Cuno Process Filtration Products Inc. ) for the removal of crystals and impurities, 
before it is fed to the test section. The presence of impurities in the test solution can 
affect the dominant mechanism of fouling [6]. The filter had 1 pm pores and was 0.5 
m long. It was made of polypropylene and polyethylene. The filter cartridge could be 
bypassed by the bypass line available in the apparatus. Due to the corrosive nature of 
some of the electrolytes used in this investigation all wetted parts were manufactured 
from stainless steel. 
Sampling 
point 
Cooling 
water 
Tank 
Band heater 
Drain 
L--ii 
Figure 2.4 Schematic diagram of flow boiling test rig 
Data 
acquisition 
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2.3 Annular Test Section 
The annular test section in the flow boiling apparatus consists of an electrically heated 
cylindrical stainless steel heating rod, which is mounted concentrically within the 
surrounding vertical pipe (see Figure 2.5). The test liquid flows through the annulus 
in upward direction. The fluid in the annulus is heated by the heating rod; to minimize 
heat losses, the outside of the annulus is heavily insulated. The main dimensions of 
the test section are: 
Outer diameter of annulus 
Inner diameter of annulus or heating rod diameter 
Hydraulic diameter of annulus 
Total length of annular section 
Length of heated section 
Entrance length to heated section 
Entrance length to thermocouple location 
2.4 Test Heater 
25.4 mm 
10.67 mm 
14.73 mm 
380.0 mm 
100.0 mm 
216.0 mm 
298.6 mm 
The test heater used in pool boiling and subcooled flow boiling measurements was 
manufactured by Drew Chemicals according to specifications by Heat Transfer 
Research Inc. (HTRI). It is a cylindrical stainless steel rod with a diameter of 10.67 
mm and a heating length of 99 mm which is shown schematically in Figure 2.6. 
The test heater was equipped with four K type thermocouples located in one plane, 
82.6 mm after the beginning of the heated section. One thermocouple was connected 
to a temperature controller to avoid overheating of the test heater. The cut-off 
temperature was set to 170 °C. The local wall temperature of the heater was measured 
with the three remaining thermocouples. The thermocouples were calibrated to give 
the surface temperature according to the following equation: 
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Figure 2.5 
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Annular test section 
nl--Ipý 
TS = TTC - 
qs (2-1) 
The ratio of SIX was determined with a Wilson plot technique, which is given in 
Appendix 4. The average surface temperature of the heater was then calculated as 
13ý 
T=--. Z 
l 
TTY, i -q-' xi 
(2-2) 
using the reading of all three thermocouples. Branch [7] showed that axial heat 
conduction along the heater, which would lead to a nonuniform heat flux distribution, 
can be neglected as long as the heat transfer coefficient is higher than 1 kW/m2K. All 
heat transfer coefficients measured in this investigation were higher than this value. 
The surface roughness of the heater was measured, and the integral roughness value 
Rpwas 1.018µm. 
2.5 Data Acquisition Equipment 
All temperatures and flow velocities were recorded with an IBM compatible personal 
computer, in connection with an Omega 8 channel high speed A/D converter (DAS 
8) board with a sixteen channel expansion multiplexer (EXP-16). A menu driven 
program written in Quick Basic was used to control all data inputs, see Appendix 6. 
The heat transfer coefficient was defined as: 
a= 
ý 
T- Tb 
(2-3) 
The bulk temperature of the liquid in the pool boiling apparatus was measured with 
an E type thermocouple, which was located 10 mm below the test heater. The local 
bulk temperature at the wall thermocouple plane in the flow boiling apparatus was 
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calculated as follows: 
Tb=TbNo. 1+ 82 .6 (T No. _T No. 1) (2-4) 99.1 
which assumes that the bulk temperature increases linearly from TbNo. l, in mixing 
chamber 1, to TbNo. 2, in mixing chamber 2. For constant heat flux boundary conditions 
this is a valid assumption. 
2.6 Error Analysis 
The experimental error for the measured heat transfer coefficients or fouling 
resistances is caused by: 
- errors of approximately ±0.2K in the temperature measurements 
- an error of approximately ±2 % in the heat flux due to errors in the 
measurements of electrical current and voltage 
The largest experimental errors for the heat transfer coefficients did, therefore, occur 
for smallest temperature differences between heat transfer surface and test liquid. The 
smallest temperature difference for heat transfer coefficient measurements are found 
for water at heat fluxes below 30 kW/m2. Using the guidelines of The ASME Journal 
of Heat Transfer Editorial Board for estimating uncertainty [8], the bias limit for heat 
transfer coefficients for these measurements is ± 10.19% and the precision limit is ± 
7%. Therefore, the calculated uncertainty E, becomes ± 12.36%. It means that with 95 
percent confidence, the experimental errors for the measured heat transfer coefficients 
are less or equal to ± 12.36%. 
For fouling resistance measurements the uncertainty changes during each run due to 
the change in temperature difference between the heater surface temperature and scale 
surface temperature. For example in a typical calcium sulphate fouling run did for 
150000 W/m2 heat flux, 80 °C bulk temperature and 60 cm/s flow velocity with a 
precision limit of t 7% the uncertainty varies between 89.2% to 7.012% when the 
fouling resistance changes between 0.0015 m2K/kW to 0.084 m2K/kW. 
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3. CLEAN HEAT TRANSFER TO ELECTROLYTE SOLUTIONS 
3.1 Experimental Procedure 
Clean heat transfer coefficients under pool boiling, forced convective and subcooled 
flow boiling heat transfer conditions for the various electrolyte solutions were 
measured. In addition bubble departure diameter and nucleation site density for pure 
water, Na2SO4 and CaSO4 solutions under pool boiling conditions were determined 
from the photos taken. The range of experimental parameters used in these 
measurements is given in Table 3.1. In Appendix 1 all the measured heat transfer 
coefficients for various electrolyte solutions under different heat transfer conditions are 
tabulated. 
Table 3.1 Range of parameters in clean heat transfer coefficient measurements. 
Parameters 
Velocity 
m/s 
Heat flux 
W/m2 
Bulk 
temperature 
oC 
Solution 
g/1 
Pool boiling 10,000 to 100-105 CaSO4 0.01 - 1.8 
400,000 Na2SO4 1.00 - 60 
NaCl 0.05 -5 
EDTA 0.01 -5 
KNO3 1.0-70 
Subcooled 0.4 -3 10,000 to 50 to 98 CaSO4 0.08 - 2.5 
flow boiling 350,000 NaCl 1.0 - 70 
CaC12 0.05 - 10 
Na2S2O3.5H2 01.0 - 
32 
KNO3 1.0- 95 
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3.1.1 Pool Boiling 
All pool boiling runs were performed under saturated conditions. Initially, the test 
section and tank were cleaned, the observation windows closed, and the system 
connected to a vacuum pump. Once the pressure of the system reached approximately 
0.1 bar, the test liquid was introduced. Following this, the tank heater and condensate 
preheater were switched on and the temperature of the system allowed to rise to the 
saturation temperature. Meanwhile, the system was de-aerated several times and then 
left at saturation temperature and atmospheric pressure for about five hours to obtain 
a homogeneous condition throughout. Then, the power was supplied to the test heater 
and kept at a predetermined value. The data acquisition system was switched on 
simultaneously to record temperatures, pressure and heat flux. A camera was used to 
record visual information. All experimental runs were carried out with decreasing heat 
flux. The data acquisition system was adjusted to read and average 50 data for each 
data point. 
3.1.2 Flow Boiling 
The system is charged with 55 litres of solution containing the desired amount of 
dissolved electrolyte. All measurements were taken after the heat transfer loop had 
reached steady state conditions at the chosen velocity, bulk temperature and heat flux. 
All runs were started with the highest heat flux to eliminate hysteresis effects due to 
bubble site activation. The heat flux was systematically decreased and the local heat 
transfer coefficient was recorded automatically by the computer through the data 
acquisition system. 
During the course of the experiments variations in flow velocity, heat flux and tank 
temperature were minimised with minor adjustments, by manual control, of the 
appropriate valve and/or variac. 
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3.2 Test Solutions 
Heat transfer experiments were performed with aqueous solutions of the following 
salts: NaCl, Na, 2SO4, Na2S2O3.5H20, KNO3, EDTA, and CaSO4. The criteria for 
selecting the salts were based on the solubility of the salts and valence and size of the 
respective ions. The solubility of some of the investigated salts is given in Figures 3.1 
as a function of temperature. 
Sodium sulphate, sodium chloride, calcium chloride, potassium nitrate, sodium 
thiosulphate and ethylenediaminetetraacetate (EDTA) are highly soluble in water. For 
the heat transfer surface temperatures and concentrations used in this investigation, the 
solubility of Na2SO4 is nearly independent of the temperature and far away from the 
saturation point. The solubilities of NaCl, CaCl2, Na2S2O3.5H20, KNO3 and EDTA 
in water increases with increasing temperature. Therefore, it is expected that no 
deposit forms on the surface of the heating element. On the other hand, calcium 
sulphate has a low solubility in water with a negative slope of the solubility curve, 
hence its point of lowest solubility is at the surface of the heating element. Since 
calcium sulphate crystals do not dissolve easily in water, the solutions were prepared 
by dissolving calcium nitrate (Ca(N03)2.4H2O) and sodium sulphate (Na2SO4) in 
distilled water. In some of the early runs the calcium sulphate solution was prepared 
by dissolving CaCl2 and Na2SO4 salts in distilled water, but later, Ca(N03)2.4H20 was 
used as a source of calcium to reduce corrosion arising from the chloride ions. 
All salts used in this work were Merck reagent grade. Solutions were prepared for 
each run by dissolving the respective salt in distilled water and allowing it to 
equilibrate for about 12 hours. The range of salt concentrations used in this 
investigation is given in Table 3.1. 
The solubilities of the electrolytes in water were determined using the Solmineq. 88 
software and the physical properties of the solutions were taken from the International 
Critical Tables [9]. Typical properties of solutions in the range of concentrations used 
in this investigation and at bulk temperatures of 50-98 °C are given in Table 3.2. 
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Figure 3.1 Solubilities of electrolytes with positive solubility in water [93 
Table 3.2 Typical physical properties of investigated electrolyte solutions 
KNO3 NaCl CaCl2 Na2SO4 
p, 920-1120 920-1090 980-1040 920-1200 
kg/m3 
µ, 0.31 x 10'3-0.61 x 10-3 0.24x103-0.68x 10-3 0.68x 10"3-1.2x 10-3 0.7x 10"3-2.8x 10-3 
kg/m. s 
Cp, 3560-4200 3650-4620 3400-3900 3300-4400 
J/kg. K 
X, 0.6-0.7 0.6-0.72 0.53-0.68 0.54-0.68 
W/m. C 
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3.3 Pool Boiling 
3.3.1 Fundamental Boiling Mechanisms 
Nucleate boiling is a process where a liquid undergoes a change of phase at preferred 
nucleation sites on a hot surface. By this mode of heat transfer a large amount of heat 
can be removed with a relatively low thermal driving force. Nucleate, transition and 
film boiling are the three mechanisms of boiling which exist as shown in Figure 3.2. 
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Figure 3.2 Boiling curve for water at atmospheric pressure 
Before the applied superheating is high enough to activate the nuclei for generation 
of bubbles on the surface, heat is transferred by the mechanism of free convection 
(line OP in Figure 3.2). In nucleate boiling bubbles are formed at specific points on 
the hot surface named active nucleation sites. In this region the generation of vapour 
bubbles causes a periodic disturbance of the boundary layer, followed by a flow of 
colder liquid to the surface, and heat transfer is increased (line PQ in Figure 3.2). 
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During transition boiling the heat flux from the hot solid to the boiling liquid 
decreases as the temperature difference is increased. This type of boiling represents 
a transition from nucleate boiling to film boiling and is unstable (line QR in Figure 
3.2). In the film boiling heat transfer region a stable film of vapour coats the hot solid 
surface (line RS in the Figure 3.2). The surface temperatures required to maintain 
stable film boiling are high, and once this condition is attained, a significant 
proportion of the heat lost by the surface is due to thermal radiation. The upper limit 
of the film boiling region is determined by the melting point of the heating wall metal 
(point S in the Figure 3.2). 
3.3.2 Literature Review 
Since nucleate boiling is the most common type of boiling it has received much 
attention in the past. In 1934 Nukiyama [10] carried out a simple experiment which 
resulted in a great advance in the science of boiling. He submerged a thin platinum 
wire in water at 100 °C and heated the wire electrically to produce boiling. He 
discovered that the rate of heat transfer from the wire to the water increased steadily 
as the wire temperature was increased until the wire temperature reached about 150 
°C. At this temperature an unexpected event happened; the wire temperature jumped 
suddenly to about 980 °C. A further increase in the wire temperature resulted in a 
continuous increase in the heat transfer rate. Nukiyama subsequently investigated the 
transition region between 150 and 980 °C. He concluded that at least two types of 
boiling occur and a third form might exist. Subsequent evidence proved that Nukiyama 
was right. 
Until about 1950 the usual method of study was to attempt to fit empirical correlations 
to scarce data on boiling. None of the resulting equations was successful enough to 
be used in widespread applications. In the decade after 1950 Rohsenow [I I] and 
Forster and Zuber [12], presented two new approaches. They assumed that during 
nucleate boiling heat flows from the hot solid into the liquid and then to the vapour 
bubbles. The controlling resistance to heat transfer is taken to be a "stagnant" film 
around the vapour bubbles. 
Rohsenow and coworkers [I I] developed an equation which is based on a model for 
the mechanism of heat transfer associated with the boiling process. In their correlation 
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the key feature is an assumption that the movement of bubbles at the instance of 
detachment from the surface is of prime importance. The release of bubbles into the 
surrounding liquid is assumed to provide considerable agitation, improving the 
convective currents and decreasing the thickness of the stagnant film through which 
the heat must be conducted. The form of their equation is influenced undoubtedly by 
the traditional equations for non-boiling liquids. The general form of equations for heat 
transfer from a solid to a surrounding non-boiling liquid is in the form of: 
Nu = (cons t. ) (Re) a (Pr) b (3-1) 
which results from dimensional analysis. The coefficient and exponents are found 
experimentally. If forced convection occurs, the Reynolds number has the conventional 
definition of pVD/p and if free convection is used, the Nusselt number is a function 
of Grashof and Prandtl numbers. Rohsenow modified Equation (3-1) for boiling 
conditions. The correct Reynolds number in the case of boiling is taken to be the 
Reynolds number of a bubble just after it breaks loose from the solid. It was found 
experimentally by Jakob [13] that the velocity of a released bubble is constant for a 
short time. It was shown that the diameters of the released bubbles of water or carbon 
tetrachloride are inversely proportional to the frequency of emission of bubbles, or: 
f. Db = Cl (3-2) 
Rohsenow used a correlation for the average diameter of a bubble at the instant of 
break-off which was developed by Fritz [14]: 
1 
2a 2 Db = C2ß g(p1_pv) 
(3-3) 
In his derivation he assumed that the bubbles are spherical and that they leave the 
solid from n points per unit area. Therefore, the estimated bubble velocity V becomes: 
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V= fnnDb3/6 (3-4) 
The bubble Reynolds number is, hence: 
Re = 
DbVPg 
= 
C3ßfnPýb3 20 (3-5) [g(pi 
- Pýý 
The bubble diameter is eliminated by the assumption that the product of mass of 
vapour formed per unit time and latent heat of vaporization is equal to the heat 
transfer rate Q=MOhv. 
Re= 
C4ßq a2 
µ10hß g(p1 - pv) 
The Nusselt number, aDb/A, is combined with Equation (3-3) to give: 
Nu = 11 g (p1 
1 
r2 
(3-6) 
(3-7) 
The Prandtl number is based on liquid properties assuming that the liquid film 
resistance is dominant: 
Cplµl 
Pr = 11 
The correlation then becomes: 
2 
Nu = (const. ) (Re) 3 (. pr) -0.7 
or: 
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(3-8) 
(3-9) 
aß a 
,. 
1 g(p1-pv) 
(3-10) 
2 -0.7 
3 Cp 2 (cons t:. 
µli, Ahv 9(P1 Pte) '1 
By incorporating ß in the constant and after some manipulations the final correlation 
reduces to : 
1 
0.33 1.7 
C cal Q= 
(cons t .)(a2 
pl µ1 (3-11) Ahv a 
Lµ10h, 
g (p 1- p ,) Al 
To obtain the coefficient and the two exponents (0.33 and 1.7), Rohsenow used 
experimental data for five systems. The exponents were constant but unfortunately the 
coefficient varied from one system to another. He found the value of the constant to 
be 0.013 ± 20%. 
Forster and Zuber [12) used a different approach. They assumed that the motion of 
well-developed (large) bubbles is of little importance during nucleate boiling. The key 
parameter according to their model is the vapour-liquid interface motion of a growing 
bubble while the bubble is still attached to the surface. The linear velocity of this 
interface is significantly higher than the velocity used by Rohsenow. Both approaches 
yield equations which are claimed to describe the same nucleate boiling phenomena. 
Stephan and Abdelsalam [15] used regression analysis to establish correlations with 
wide ranging application for natural convection boiling heat transfer. They subdivided 
the 5000 existing experimental data points according to the working fluids into four 
groups: water, hydrocarbons, cryogenic fluids and refrigerants. It was necessary to use 
a different set of dimensionless numbers for each group of substances, because certain 
dimensionless numbers were found to be important for one group of substances and 
unimportant for another. On this basis the following equation for water was obtained: 
Nu= 0.246.107 X10 . 673 X2-1.58 X31 . 26 X45 . 22 
(3-12) 
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Where: 
q, Db OhVDb2 
X1=SITS 2= a2 
C D1 TSDb2 
_ 
P1 - Pv X3 
a2 
X4 
Pi 
In this correlation the Nusselt number is defined as ocDb/Xl. 
(3-13) 
Stephan and Preußer [16] further developed the Stephan/Abdelsalam correlation and 
improved the reproduction of measurements significantly in comparison to the 
Stephan/Abelsalam correlation, with a mean error of 11%. 
This correlation is on the same basis as the previous one but specifically adjusted to 
predict best for a reduced pressure Pr P/Pc=0.03. 
aDb 
_ 
QDb 0.674 Pv 0.156 
0.37 
a2P1 
0.35 
µC 0.16; 
Nu= =0.0871 ý1 ý1TS P1 a2 QDb ý1 
with the thermal diffusivity a =? /p1Cp j, m/s. 
(3-14) 
Unfortunately, the Stephan-Preuper and Stephan-Abdelsalam correlations are very 
sensitive to the bubble departure diameter which is more difficult to predict than the 
heat transfer coefficient itself, especially for electrolyte solutions. In the Stephan- 
Preußer and Stephan-Abdelsalam correlations the bubble departure diameter is 
calculated as follows: 
a Db = 0.014853 .ß. 
2' 
9(P1-Pv) 
(3-15) 
Where (3 is the contact angle which is a function of the polarity difference between 
the heat transfer surface and the test liquid. The contact angle for water on stainless 
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steel is about 45°. 
Cooper [17] reviewed the existing correlations for prediction of heat transfer 
coefficients during pool boiling heat transfer. He concluded that in spite of boiling 
being of widespread industrial importance, there is no agreement on the problem of 
relating heat flow to driving temperature difference. He believes that this is partly 
because the related experiments are difficult and the results show wide scatter, which 
in turn may be a reflection of insufficient understanding of crucial physical 
phenomena. In his analysis he made the point that most correlations predict a strong 
dependence of heat transfer rate on certain properties of the fluid. These properties 
may include the nucleation of bubbles or the flow of latent heat to maintain bubble 
growth, or the consequent fluid flow effects, such as pumping action or effects of 
forced convection on small scale. 
He concludes that the particular quantities Pr, Tr, (1-Tr), (-log Pr) constitute a set of 
tools to simplify direct analysis of the raw experimental data of boiling heat transfer. 
Finally Cooper [17] developed a correlation for the prediction of heat transfer 
coefficient'. which is based on heat flux, reduced pressure, surface roughness and 
molecular weight of the fluid. He has taken into account in this theory that the 
variation of individual properties with reduced pressure has long been known to be 
broadly similar for different fluids, because of the "law of corresponding states". The 
final form of the correlation is as follows: 
a= 55 PZo. 
12-0.2logRD (-logPz) -0.55M-0.5 (3-16) 
(Q/A) 0.67 
In his correlation he considered several points: 
I- The value of 0.67 for the exponent of term (Q/A) in the correlation is the 
average value determined from all data sets, and it is significantly higher at 
lower Pr for some data sets. 
II- The effect of increasing system pressure is to increase ctl(Q/A)m roughly as 
Pr 0.2 , but more strongly near the critical point, perhaps 
by a factor of 6 as Pt 
rises from 0.1 to 0.9. 
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III- 
Iv- 
The effect of heater roughness can not be expressed as a simple multiplier 
applied to ocl(Q/A)m, since roughness has a greater effect at lower pressure. 
The effect of heater shape is not well established by the data, but there is some 
evidence that, at given Pr, a/(Q/A)m for horizontal cylinders is 1.7 times 
greater than that for horizontal flat plates. Therefore Equation (3-16) should be 
multiplied by 1.7. 
Gorenflo [18] developed a correlation based on the same theory. The heat transfer 
correlation is a function of heat flux, reduced pressure and pipe roughness. A heat 
transfer coefficient at reference pressure and reference heat flux is also introduced 
which is calculated using other correlations or determined experimentally. Cooper [ 17] 
in his work states that roughness has greater effects at lower Pr, which implies that the 
effect of roughness cannot be represented by a multiplier applied to the correlation. 
However, in the Gorenflo correlation the effect of roughness is applied as a multiplier 
to the main correlation. Nevertheless there is a view that roughness has little effect, 
provided it exceeds a certain value. 
The Gorenflo [18] correlation has recently been verified against experimental data for 
pure liquids and mixtures [1]. The correlation is in the form of: 
(p ) 
Rp, 
o 
)0.133 
(3-17) anb = ao 
n (Pr) 
F 
Rp C4 r 
where 
n (pr) = 0.9- 0.3 p 0.15 (3-18) 
and 
jPr2 
F (pr) =1 .73p0.27 +6.1+_P 
(3-19) 
Gorenflo suggests that the reference heat transfer coefficient % is calculated for a 
reference heat flux 4 =20,000 W/m2 and a reference pressure of Pr=0.1 using the 
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correlation suggested by Stephan and Preui3er or to be measured. Since the reference 
roughness in the Gorenflo correlation is 1µm, and the surface roughness of the heater 
used in this study was measured to be 1.018 µm, the effect of roughness is eliminated. 
For electrolyte solutions experimental data have been reported by Cryder and Gilliland 
[19] and by Cryder and Finalboro [20] in 1930 for heat transfer coefficients of Na2SO. 4 
solutions under pool boiling conditions and heat fluxes below 50,000 W/m2. They 
found decreasing heat transfer coefficients with increasing salt concentration, but the 
reported heat transfer coefficients were extremely high. Knowles [21] studied 
subcooled boiling of river water on an electrically heated stainless steel tube centrally 
located in a glass tube but his experiments were plagued by deposition of scale on the 
heating element. Tolubinsky and Ostrovsky [22] investigated sodium chloride 
solutions. Since, their results did not differ from results measured in pure water, they 
concluded that the mechanism of bubble growth in aqueous solutions was affected 
only by the properties of pure water. 
3.3.3 Results and Discussion 
a) Pure water 
In Figure 3.3 measured heat transfer coefficients for pure water under pool boiling 
condition, at atmospheric pressure are compared with the prediction of the above - 
mentioned correlations. 
In this figure it is shown that, except for the Cooper correlation [17), the prediction 
of all correlations is quite acceptable. The correlations of Stephan-PreuBer and 
Stephan-Abdelsalam predict the heat transfer coefficients at lower heat fluxes with 
only small deviation, and with somewhat higher deviation at higher heat fluxes. While 
the slope of the a- line of all equations except Gorenflo are nearly the same in 
the log-log scale (around 0.67) the Gorenflo correlation predicts a higher slope at this 
condition (around 0.75) which fits the experimental data significantly better. Overall, 
the Gorenflo correlation performs best. It predicts the experimental data very well and 
is straightforward to use needing only heat flux and pressure for prediction of heat 
transfer coefficients. 
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Figure 3.3 Comparison between measured and predicted pool boiling 
heat transfer coefficients of water, using various correlations 
b) Electrolyte solutions with positive solubility 
Figures 3.4 and 3.5 show a comparison between measured pool boiling heat transfer 
coefficients for Na2SO4 and KNO3 solutions with values obtained for distilled water 
over a wide range of salt concentration under identical operational conditions. For low 
heat fluxes, the heat transfer coefficients of the electrolyte solutions are somewhat 
lower than those of pure water. With increasing heat flux, this difference diminishes. 
However, for fully developed nucleate boiling, heat transfer coefficients of electrolyte 
solutions are higher than those of distilled water. 
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The effect of sodium sulphate concentration on the heat transfer coefficient is 
demonstrated in Figure 3.6 for heat fluxes of 38520 and 301205 W/m2. In accordance 
with the results reported by Cryder and Gilliland [19] heat transfer coefficients for the 
lower heat flux decrease with increasing concentration. This trend seems to level off 
for concentrations above 10 g/l. A clear improvement in heat transfer was found for 
high heat fluxes and concentrations. 
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During pool boiling of distilled water at low heat fluxes, the bubbles were uniform and 
the average bubble size was about 2 mm. At high heat fluxes larger bubbles were 
observed due to bubble interaction and bubble coalescence, and it was not easy to 
distinguish individual bubbles. In electrolyte solutions with positive solubility in water, 
at heat fluxes below 200,000 W/m2, large hemispherical bubbles were observed (see 
Figure 3.10). When the heat flux was increased above 200,000 W/m2 bubble break up 
became prevalent and the large bubbles disappeared and many small and rigid bubbles 
were formed. 
To explain this unexpected phenomenon the behaviour of bubbles and their stability 
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in electrolyte solutions has to be considered. According to Berghmans [23], the 
stability of bubbles rising in low viscosity liquids can be estimated if buoyancy, 
interfacial and gravitational forces are considered while neglecting viscous and inertia 
forces. For a given Bond number 
Bd = 
PLgDb (3-20) 
40 
Berghmans' analysis gives a critical Weber number 
22 
We = 
PLUb db (3-21) 
2Q 
which divides the regions of stable and unstable bubble sizes as shown in Figure 3.7. 
For pure water the bubbles are always on the boundary between the stable and 
unstable regions. The addition of electrolytes increase the surface tension of water; 
therefore bubbles become larger and fall into the unstable region and their stability 
decreases as the concentration of electrolyte increases. Therefore, the probability that 
these bubbles break-up into small bubbles is high. 
Comparing these observations with the results shown in Figures 3.4 to 3.6 consistent 
trends are found. At lower heat fluxes, fewer nucleation sites are active on the surface 
of the heating element in electrolyte solutions, because of higher interfacial tension. 
Therefore, the heat transfer coefficients are lower than those of distilled water. At high 
heat fluxes, however, many small rigid bubbles were observed resulting from the 
break-down of large bubbles. Formation of these small bubbles and their subsequent 
release into the surrounding liquid increase bulk convection currents around the heater 
and consequently the heat transfer coefficient. 
c) Salts with negative solubility in water 
The pool boiling heat transfer coefficients for calcium sulphate solutions were 
measured by the same procedure. To avoid fouling the measurements were taken 
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immediately after the heater was turned on. All of the readings used for determination 
of the average heat transfer coefficients were taken within one or two minute of the 
heater start up. The pool boiling heat transfer coefficients for calcium sulphate 
solutions are compared with the boiling curve for pure water in Figure 3.8. The heat 
transfer coefficients of the calcium sulphate solutions are considerably lower than 
those for distilled water. Figure 3.9 shows the influence of calcium sulphate 
concentration on the heat transfer coefficient for two heat fluxes, 38520 and 301205 
W/m2. It can be seen that the heat transfer coefficient decreases remarkably as the 
calcium sulphate concentration is increased toward the saturation concentration (1.6 
g/l). The absolute drop in heat transfer coefficient is almost equal for both heat fluxes. 
Interesting results were obtained when the ionic strength of the calcium sulphate 
solution was increased from 0.047 mole/1 (i. e. 1.6 g/1) to about 0.09 mole/l by adding 
sodium sulphate salt to the solution. The heat transfer coefficient of the system 
improved considerably with increasing ionic strength of the solution (see Figure 3.9). 
This unexpected result may be due to the fact that the solubility of calcium sulphate 
was increased from 1.6 g/l to about 2.5 g/1 by adding sodium sulphate to the solution. 
Due to the mechanism of bubble formation by microlayer evaporation, the concentration 
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of the salt beneath the bubble increases and the local concentration near the heating 
element becomes supersaturated with respect to CaSO4, while the bulk of the solution 
is subsaturated. During the clean heat transfer coefficients measurements with CaSO4 
solutions no measurable formation of deposit was found. 
Bubble growth on the heat transfer surface during pool boiling of pure water and 
electrolyte solutions of calcium sulphate and sodium sulphate are compared in Figure 
3.10. It is apparent that the number of active nucleation sites is greatly reduced and 
bubble departure diameter is considerably increased by the presence of calcium 
sulphate salt. Only few active nucleation sites can be seen and distinctive bare areas 
are visible on the surface of the heating element. While the bare areas were certainly 
hotter than the boiling liquid, the existing superheat was too low to activate the 
nucleation sites which were present in these areas during the experiments with pure 
water. 
The physical properties of the electrolyte solutions required for prediction of heat 
transfer coefficients were found in the International Critical Tables [9]. The data 
presented in this reference as a function of concentration and temperature were used 
to correlate all the physical properties of the electrolytes used in this investigation. 
The reference values ao for pure water and electrolyte solutions during pool boiling 
and subcooled flow boiling at the reference pressure of Pr 0.1 are back-calculated 
from the experimental data at atmospheric conditions. The results are summarized in 
Table 3.3. 
All measured heat transfer coefficients for pure water and for electrolyte solutions with 
different concentration are compared to the corresponding predictions of the Gorenflo 
correlation in Figure 3.11. Considering the errors involved in the physical property 
data and the approximate nature of the correlation itself, the average absolute error of 
16.5% is a good indication that the correlation is suitable for the prediction of boiling 
heat transfer to electrolyte solutions. 
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Figure 3.10 Comparison of bubble formation during pool boiling of (a) water, (b) a 
Na2SO4 and (c) a CaSO4 solution, q=65,000 W/m 
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Table 3.3 The reference heat transfer coefficient, %, at reference conditions. 
System Nucleate pool boiling Subcooled flow 
boiling 
Distilled water 6000 W/m2K 6000 W/m2K 
Electrolyte solutions with 6000 W/m2K 5600 W/m2K 
positive solubility 
Electrolyte solutions with 4800 W/m2K 4800 W/m2K 
negative solubility 
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3.4 Flow Boiling 
3.4.1 Fundamentals 
When a subcooled liquid flows past a heated solid surface, a rapid increase in the heat 
transfer rate at the solid surface is observed once boiling commences. Two major 
mechanisms have been discussed to describe this phenomenon. The first mechanism 
is based on the additional turbulent mixing, or microconvection, which is achieved 
near the surface due to the growing and collapsing bubbles. The second mechanism, 
focuses on latent heat transport through the bubble. When a vapour bubble grows on 
a solid surface, a thin liquid layer, called a microlayer, must be formed beneath the 
bubble in order to satisfy the no-slip boundary condition at the solid surface. The top 
of the bubble quickly grows beyond the thermal boundary layer into the cooler bulk 
liquid. Latent heat is transported through the bubble, with the microlayer evaporating 
while simultaneous condensation occurs at the colder bubble cap. 
Figure 3.12 shows diagrammatically the various conditions encountered over the tube 
length when a uniform heat flux is applied to a tube charged with a subcooled liquid. 
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In region A the heat surface temperature is below the temperature necessary to 
nucleate bubbles. This region is known as the "single phase forced convection region". 
At some point along the tube, the conditions in the vicinity of the wall allow the 
formation of vapour from nucleation sites. Since the bulk fluid is still subcooled the 
vapour bubbles grow into the colder liquid and finally collapse. This region is known 
as "subcooled nucleate boiling" (region B). The subcooled nucleate boiling region 
comprises of two sub-regions. In the early stages of the subcooled region a limited 
number of nucleation sites is active, so a proportion of the heat will still continue to 
be transferred by the single phase forced convective mechanism. This region is 
referred to as "partial subcooled boiling region". As the surface temperature increases 
the number of nucleation sites increases and, as a consequence, the area for single 
phase forced convection is reduced. Finally, when the whole surface is covered with 
nucleation sites, "fully developed subcooled boiling" occurs. Beyond region B the bulk 
temperature approaches the saturation temperature. Region C, where the vapour 
bubbles are stable in the bulk liquid, is known as "saturated nucleate boiling region". 
However even if the bulk liquid is at saturation temperature a certain wall superheat 
is necessary to activate bubbles. 
The two fundamental characteristics of flow boiling are: 
i- For heat fluxes below the onset of nucleate boiling, only the forced convective 
mechanism is present and the heat transfer coefficient is largely independent 
of heat flux over a wide range of flow velocity. 
ii- In fully developed nucleate boiling, the flow boiling heat transfer coefficient 
is virtually independent of flow velocity. 
These characteristics are demonstrated in Figure 3.13, where flow boiling heat transfer 
coefficients for a NaCl solution are shown as a function of heat flux, with the velocity 
as a parameter. Note that at low heat fluxes the lines for different velocities are almost 
horizontal, i. e., independent of c- , but at 
higher c they converge into a single 
line, representing developed nucleate boiling. Transition between the two regimes can 
be abrupt or more gradual. Flow velocity, dissolved gases, and especially the 
distribution of the nucleation cavity sizes play a significant role. 
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3.4.2 Literature Review 
Mosiki and Broder [24] were probably the first investigators of subcooled boiling 
studying heat transfer from an electrically heated vertical platinum wire submerged in 
water at atmospheric pressure. They found that the wire temperature at the highest 
obtainable heat flux was essentially independent of the water temperature. Local heat 
transfer coefficients were considerably greater than the values predicted for non- 
boiling conditions. This was also found by both McAdams et al. [25], and Davidson 
et al. [26]. Both investigators suggested the occurrence of subcooled boiling to explain 
the discrepancy. 
Kreith and Somerfield [27] studied subcooled boiling of water in horizontal and 
vertical electrically heated tubes, and found that the surface temperature was constant 
and independent of subcooling. The experiments covered a wide range of operational 
conditions. Rohsenow and Clark [28] reported data for water flowing in an electrically 
heated nickel tube. They discovered that the governing temperature difference in the 
fully developed subcooled region is the wall superheat. They used the superposition 
model of Rohsenow [11 ] to correlate their data. 
Gunther [29], in an early attempt to establish the mechanism of heat transfer during 
subcooled flow boiling related to the cooling of rocket nozzle throats, showed that heat 
transfer coefficients of the order of 102 kW/m2K were attainable in subcooled flow 
boiling of water in small-diameter tubes at high velocities. These values are two orders 
of magnitude greater than those measured in ordinary convective heat transfer. He 
showed that the surface boiling activity in the subcooled flow boiling experiments 
consisted of small hemispherical vapour bubbles, which grew and collapsed while 
always remaining attached to the heating surface. Gunther and Kreith [30] also found 
that the rate of visible vapour evolution could only account for a small fraction of the 
total heat transfer. 
Recently Tsung-Chang and Bankoff [31] showed that the sliding of a bubble while 
attached to the solid wall in highly subcooled nucleate boiling results in a significant 
augmentation of microlayer evaporation. Their calculation indicated an increase by a 
factor of at least two, over a non-sliding bubble with a continuous microlayer. 
Koffman and Plesset [32] and Bankoff and Mason [33] obtained similar results. 
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There are numerous investigations on the prediction of heat transfer coefficients during 
forced convective boiling but none of the suggested models was tested for electrolyte 
solutions. Because of the great variety of parameters and the complexity of the 
phenomena, theoretical analysis cannot provide a general equation for boiling heat 
transfer coefficients for different substances and different conditions. 
Steiner and Taborek [34] used an asymptotic additional model for prediction of flow 
boiling heat transfer coefficients. Their main emphasis was placed on a sound 
mechanistic model, which would respect all the established principles of pool and 
convective boiling. Clearly predictable behaviour and correctly converting to the 
extreme values of all parameters was the other objective. If the heat flux is below a 
certain value ib, the term for nucleate boiling ab is not included. The suggested 
correlation includes many constants which have been curve-fitted to the 13,000 data 
points for vertical flow boiling from a data bank of Karlsruhe University. The 
proposed basic equation for the local flow boiling coefficient is written as: 
1 
afb=[ (anbf) n+ (acb) nJn1 (3-22) 
n+nn (anb, 
o Fnbf) 
(aLO Frp) 
ocnb, o 
is the local nucleate pool boiling heat transfer coefficient based on normalized 
conditions of heat flux and reduced pressure. Any predictive method can be used but 
the procedure developed by Gorenflo [18] has been used for the prediction of this part 
of the heat transfer coefficient. aL. 0 
is the local convective heat transfer coefficient, 
based on the total (liquid plus vapour) mass velocity assumed as liquid. The Gnielinski 
[35] correlation has been used to predict aLO in this model. Fnbf is the nucleate flow 
boiling correction factor which in final form is written as: 
Inf(pz) -0.4 R 0.133 d 
Fýf Fpf 4 [-a-i RaF (M) (3-23) q'0 o a, 0 
where 
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F=2.816 (p) 0.45 +[3.4 +1 .7 
1- (pr) 
lp,: 
50.95 
For all fluids except cryogenics the expression for nf(pr) is: 
nf (pr) = 0.8 - (0.1) exp (1.7 5 pr) (3-25) 
which for cryogenics it becomes: 
nf (pr) = 0.7 - (0.13) exp (1.10 5 pr) (3-26) 
F(M) is a "blanket correction factor" which is given in tabular form for different fluids 
or is to be calculated from correlations given in ref. [34]. 
FtP is the two-phase flow multiplier for the convective aLo value, accounting for 
enhancement of the coefficient in the liquid-vapour mixture. For many industrial 
applications, where k is limited by the critical X which occurs at the point of 
dryout, the following correlation for F, is given: 
1.1 
F_ X) 1.5+ 1.9 (X) 0.6 
0.35 PL (3-27) 
tp PG xSO. 6 
The values of the normalized parameters in this model are: reduced pressure Pr0=0.1, 
normalized wall roughness Ra, 0=1 pm and reference diameter do=0.01 m. The 
normalized heat flux -o in this model varies for different groups of substances. For 
inorganic fluids including water it is 150,000 W/m2. n is an exponent that indicates 
the range of transition between the nucleate and convective components. By 
evaluating the Karlsruhe data bank by regression analysis n is obtained to be 3.0. 
The correlation developed by Gungor and Winterton [36] consist of a term for forced 
convection and the boiling effect is included in the enhancement factor E. The 
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advantage of this correlation is its simplicity and the need for less parameters than 
other correlations. Gungor and Winterton developed their correlation for saturated flow 
boiling in tubes and annuli, for both vertical and horizontal orientations. The 
correlation is as follows: 
a=Ea1 (3-28) 
0.75 )0 «41 
E= 1+ 3000 B° 0.86 + 1.12( XIP1 (3-29) 
1-x P9 
where al is the single phase liquid heat transfer coefficient, calculated from the 
following equation: 
a fc =-0.02 3 Rel0 .e pr10.4 (3-30) 
where the Reynolds number is calculated as follows: 
Re, = rh 
(1 -. k) D (3-31) 
Ill 
The Styushin [37] correlation consists of five dimensionless numbers. It is valid only 
in the fully developed nucleate boiling region and can be summarized as follows: 
11 
St(Klp 3=1.25Bo(PeI) 3KS0.5 
where: 
(3-32) 
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1 
St: =a K" _° 2ý (3-33) Cplp1Wm p gpy 
B 
P1 , Ah pl a1 gpg 
Ks= Ah wm= m 1+X p1-1 (3-35) 
p1 s P1 Pg 
Many investigators [38-41] divide the total heat transfer surface into two parts: the 
area affected by active nucleation sites and the remaining heat transfer area which is 
controlled by the forced convective mechanism. The Chen model [42] is an additive 
method, combining the convective and nucleate boiling contributions to flow boiling 
heat transfer, i. e.: 
a fb = acF + anbS (3-36) 
Where ac is the convective heat transfer coefficient that would be found for the liquid 
phase flowing alone. In this model it is calculated using the Dittus-Boelter correlation. 
Chen used the analysis of Forster and Zuber [12] to calculate cc b, which is the 
nucleate boiling contribution. F is a multiplier that accounts for the apparent increase 
in velocity due to the presence of the vapour and is a function of the Martinelli 
parameter Xtt. F is used to modify the Reynolds number in existing forced convection 
heat transfer correlations. 
Retp = Re. (1 -x) . F1.25 
(3-37) 
The suppression factor S accounts for the fact that ocpb is found from pool boiling 
correlations which are claimed to over-predict nucleate flow boiling due to the thinner 
boundary layer and the lower effective superheat in the surrounding of the bubble [42]. 
S is defined as the ratio of the mean superheat around the growing bubble to the wall 
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superheat and is found to be a function of the two-phase Reynolds number. Ref . 
Collier [43] has shown that the functions F and S can be calculated as follows: 
F= 1 for 1s0.1 
xt t 
F=2.35. X+0.213 
0.736 
for 
ct 
S_1 
1+2.53 . 10-6. Retp1.17 
1_X0.9 1 Xtt =x 
1>0, 
_ xtt 
0.5 0.1 pv µl 
P1 vv 
(3-38) 
(3-39) 
(3-40) 
(3-41) 
All of the discussed models require the local vapour mass quality x, defined as: 
vp x=, Mvap + ml iq 
(3-42) 
For subcooled flow boiling, x can be estimated from the empirical equations suggested 
by Schröder [44] as follows: 
The actual vapour quality is related to the phase change number by Equation (3-43). 
x= Ph - Phn . exp 
Ph 1 (3-43) 
n 
For positive values the phase change number gives the thermodynamic vapour quality. 
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Ph= 
h hsat 
Ohv 
(3-44) 
Phn is the phase change number at the transition from region B to C, (see Figure 
3.12), which is a function of the boiling number, Bo, and the Peclet number, Pe. 
-Bo Phn = 
455)2 (3-45) 
+ 0.00652 Pe 
The phase change number can also be related to the boiling number and a 
characteristic length that gives the distance from where Ph = 0.0 to any position of 
interest. 
Ph=-4. B0. 
dL h 
(3-46) 
From Equation (3-44) the phase change number at the beginning of the heated section 
can be calculated which gives the characteristic length, AL, from Equation (3-46). 
From OL, the length coordinate for the thermocouple position can be calculated. 
ALt = AL - Xt (3-47) 
Substituting iL into Equation (3-46) gives the phase change number at the 
thermocouple location, which with Equation (3-43) gives the vapour quality. 
Equation (3-36) implicitly suggests the following relationship between the 
contributions of single phase forced convective heat transfer and boiling heat transfer. 
q. qfc + qb (3-48) 
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For Equation (3-48) to be valid for subcooled flow boiling the nucleate boiling heat 
transfer coefficient must be redefined. The nucleate boiling heat transfer coefficient 
is defined for the case where the liquid bulk is at saturation temperature: 
arib _ 
4b 
Ts - Tsat 
(3-49) 
When the fluid is subcooled Equation (3-49) should be modified such that Equation 
(3-48) holds. Hence the subcooled boiling heat transfer coefficient is defined as: 
a 
sb = 
a., 
3.4.3 Results and Discussion 
Ts - Tsat) 
(Ts-Tb) 
(3-50) 
Typical measurements of heat transfer coefficients for NaCl solution under forced 
convective and subcooled flow boiling conditions are shown in Figure 3.13. In this 
figure two regimes of heat transfer are clearly distinguished. The convective heat 
transfer regime where the heat transfer coefficient is only slightly dependent on the 
heat flux, but is strongly dependent on the velocity and, in contrast, the boiling regime 
which shows a strong dependence on the heat flux and only a slight dependence on 
the velocity. The results obtained in these two regimes are discussed in the following 
two sub-sections. 
a) Forced Convective Condition 
Figure 3.14 shows a comparison between measured forced convective heat transfer 
coefficients for NaCl solutions with values obtained for distilled water over a wide 
range of salt concentration. The heat transfer coefficients are almost independent of 
heat flux and for salt solutions are lower than for pure water. The difference increases 
with increasing concentration of the salt which is due to the effect of dissolved salt 
on the physical properties of the solution, especially viscosity. 
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Dissolution of salt increases the viscosity of the solution and this effect causes the 
Reynold number and subsequently the heat transfer coefficient to decrease. 
The prediction of the following correlations have been compared with the measured 
values for convective heat transfer coefficients: 
- Petukhov and Popov [45] 
- Gnielinski [35] 
Nu = 
f 
RePr 
Nu =8 
z 
1.07 +12 .78 
(Pr 3 -1 ) 
8 (Re-1000) Pr 
a 
1+12.7 (Pr 3 -1) 
2 
1+ (D) 3 
(3-51) 
(3-52) 
The friction factor for turbulent flow in technically smooth pipes is to be calculated 
according to Filonenko [46] 
f= (1.821og10Re-1.64) -2 
- Kays and Crawford [47] 
where 
Nu = 5.0+0.015Ree Prb 
(3-53) 
(3-54) 
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a0.88- 
0.2 4 b= 0.333 +e xp (-0 -6 Pr) 
(3-55) 
4.0 + Pr 
- Whitaker [48] 
0.14 
Nu =0.015 Re0.83 pr 0.42 
µb 
bL)W (3-56) 
While the contribution of natural convection is usually small for the investigated 
conditions, it can easily be incorporated for upward flow by calculating the Reynolds 
number according to a recommendation by Schlünder [49]: 
Re = 
(Re 
f2 + 
Gr °"5 (3-57) 
2.5 
Petukov [45] provides a way of modifying existing tubular flow equations to be 
applicable to annuli. For the case in this study the following modification has been 
used: 
NuAnnuli 
= 0.86. (1) 
0.16 
NuTube R 
(3-58) 
Petukov [45] also studied the effects of temperature dependent physical properties and 
recommends the following equation to correct existing correlations: 
Nu µb0.11 
NuCP 4w 
(3-59) 
Which is used in this study. A comparison of experimental results for sodium chloride 
solutions with values predicted from the correlations of Petukov and Popov, 
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Gnielinski, Kays and Crawford and Whitaker is shown in Figure 3.15. While all 
correlations predict reasonably well, Figure 3.15 shows that the Kays and Crawford 
and Gnielinski correlations fit the experimental results for forced convective heat 
transfer to electrolyte solutions better than the other two correlations. All measured 
heat transfer coefficients under forced convective conditions for pure water and 
electrolyte solutions with different concentrations are compared to the corresponding 
values predicted from the Gnielinski correlation in Figure 3.16. The average absolute 
error of 15.5% is a satisfactory indication that the correlation is suitable for the 
prediction of forced convective heat transfer to electrolyte solutions. 
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b) Subcooled Flow Boiling Condition 
The effect of electrolyte concentration on subcooled flow boiling heat transfer is 
shown in Figure 3.17. Both forced convective heat transfer coefficients and subcooled 
flow boiling heat transfer coefficients for electrolyte solutions are lower than the 
corresponding values for distilled water. The differences are increased by increasing 
the electrolyte concentration and this must be attributed to the difference in physical 
properties and the changes in the mechanism of bubble formation as discussed in 
section 3.3.2. The measured heat transfer coefficients for all electrolyte solutions under 
forced convective, pool boiling and flow boiling are listed in Appendix 1. 
Figure 3.18 shows the appearance of the heating element during subcooled flow 
boiling. Because the bubbles were washed away from the heater surface by the fluid, 
the phenomena which occurred during pool boiling for electrolyte solutions at higher 
heat fluxes, did not occur in the case of flow boiling. 
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For subcooled flow boiling of calcium sulphate solutions similar observations to pool 
boiling heat transfer of these solutions were obtained, (see Figure 3.19). The heat 
transfer coefficients of the calcium sulphate solutions are much lower than those of 
pure water and electrolyte solutions with similar concentration but with positive 
solubility. Similar to the pool boiling results, a significant improvement of heat 
transfer coefficient was observed when the ionic strength of the calcium sulphate 
solution was increased by adding sodium chloride salt with positive solubility to the 
system as being illustrated in Figure 3.20. 
For prediction of heat transfer coefficient during subcooled flow boiling a modified 
version of the Chen model [42] is used in this study. The modification replaces old 
heat transfer correlations with updated alternatives. Since the comparison with other 
correlations presented in previous sections shows that the Gorenflo and Gnielinski 
equations provide better predictions for nucleate boiling and forced convective heat 
transfer coefficients, respectively, in this study the Gnielinski equation is used to 
calculate ac and the Gorenflo correlation to calculate O Pb 
in the Chen model. 
In Figures 3.21 and 3.22 measured heat transfer coefficients for electrolyte solutions 
under subcooled flow boiling and forced convective conditions at atmospheric pressure 
are compared with the prediction of the models discussed in section 3.5.2. In these 
figures it is demonstrated that the predictions of the Steiner and Taborek model [34] 
and the proposed model are almost the same and quite acceptable. It is also shown 
that, while the prediction of the correlation developed by Gungor and Winterton [36] 
is pretty poor, especially in the single phase forced convective region, the prediction 
of the correlation suggested by Styushin has a very large error in comparison to the 
experimental data. The results of the comparison of over 800 data points with the 
above mentioned models are summarized in Table 3.4. 
Table 3.4 Average absolute error of investigated models 
CORRELATION Ave. Abs. ERROR 
Steiner & Taborek 16.1 
Gungor & Winterton 17.3 
Styushin 70 
Proposed Model 14.5 
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All measured heat transfer coefficients under subcooled flow boiling are compared to 
the corresponding predictions of the modified version of Chen model used in this 
study in Figure 3.23. If one considers the errors involved in the approximate nature 
of the correlations itself, then the average absolute error of 15.5% is a satisfactory 
indication that the Chen model and associated correlations are suitable for the 
prediction of subcooled flow boiling heat transfer coefficients to electrolyte solutions. 
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The validity of the presented heat transfer model was also assessed by comparing the 
predictions with measured forced convective and subcooled flow boiling heat transfer 
coefficients for spent Bayer liquor of the Alcoa Bauxite Refinery at Kwinana in 
Western Australia [50] and for black liquor from the NZFP pulp mill in New Zealand 
[7]. The results of these comparisons are summarized in Figures 3.24 and 3.25 
respectively. The reference heat transfer coefficient of oce=5600 W/m2K is used in 
these calculations. Considering the complex nature of these industrial solutions, the 
agreement between measured and predicted heat transfer coefficients is excellent. 
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3.5 Conclusions 
The addition of electrolytes has considerable effects on heat transfer during forced 
convective, pool boiling and subcooled flow boiling heat transfer to aqueous solutions. 
Forced convective heat transfer coefficients decrease with increasing ionic strength of 
the electrolyte solutions. For CaSO4 salt with negative solubility, the reduction of heat 
transfer coefficients is more pronounced. The measured heat transfer coefficients were 
compared with several correlations from the literature and the best agreement was 
obtained with the Kays & Crawford and Gnielinski correlations. 
For pool boiling of electrolyte solutions with positive solubility, the bubble departure 
diameter was increased and the nucleation site density and heat transfer coefficient 
were decreased at low heat fluxes because of the increased surface tension. At high 
heat fluxes, a large number of small and rigid bubbles was found on the heat transfer 
surface and the heat transfer coefficient improved. This observation was explained by 
the break-down of the large bubbles into many small and more stable bubbles. 
Sparingly soluble salts with negative solubility reduced the heat transfer coefficient 
considerably and this reduction in heat transfer rate increased with increasing salt 
concentration. The heat transfer coefficients of electrolyte solutions containing salts 
with negative solubility improved significantly if the ionic strength of the solution was 
increased by adding salts with positive solubility to the system. The measured heat 
transfer coefficients were compared with the prediction of several models, the best 
prediction was obtained from the Gorenflo correlation. 
Subcooled flow boiling heat transfer coefficients were measured for a wide range of 
electrolyte concentrations, flow velocities, bulk temperatures and heat fluxes. While 
all salts reduced the heat transfer coefficient of pure water, the reduction was more 
pronounced in the case of salts with negative solubility. Similarly to pool boiling, 
significant improvement in the heat transfer coefficient of negative solubility salt 
solutions was observed when the ionic strength of the solution was increased by 
adding salts with positive solubility. The measured heat transfer coefficients were 
compared to a flow boiling model which combines forced convective and subcooled 
nucleate boiling heat transfer. Excellent agreement was obtained between measured 
and predicted heat transfer coefficients. 
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4. CALCIUM SULPHATE FOULING DURING SUBCOOLED FLOW 
BOILING 
4.1 Literature Review 
The causes of fouling of heat transfer surfaces are many, varied, and extremely 
complex. Several investigators have studied fouling mechanisms in an effort to 
understand, quantify, and develop remedial or preventive treatment. Most of these 
studies have been devoted to fouling during forced convective heat transfer and hardly 
any information is available on fouling during subcooled flow boiling. In general, 
fouling is more severe during boiling heat transfer because of the mechanisms of 
bubble formation and detachment [51]. A recent comprehensive literature review [52] 
on the mechanisms of boiler fouling reveals that experimental fouling data under 
boiling conditions in general and under subcooled flow boiling in particular are scarce 
and incomplete. Scale deposition has a significant effect on the boiling phenomena by 
changing the characteristics of the heat transfer surface. The deposit provides 
favourable nucleation conditions, reducing the wall superheat required for bubble 
formation. Deposits also change the interfacial tension between the growing bubbles 
and the heated surface. Jakob and Link [53] found that by adding a wetting agent to 
reduce the surface tension by 45%, the nucleate boiling heat transfer coefficient 
increased by 23% for the same heat flux. Similar results were obtained by Insinger and 
Bliss [54]. Initial crystal formation on the surface provides sites for rapid crystal 
growth. Cavities and impurities on the surface have a similar effect. 
Based on experimental observations, Partridge and White [55] proposed the following 
mechanism to explain the origin of rings occurring on the heat transfer surface: owing 
to the local increase in heat transfer surface temperature under the bubble and to fast 
evaporation at the triple interface, steam and water would throw down a deposit; it 
would tend to be redissolved if the solubility of the salt increases with increasing 
temperature. To explain the origin of different types of deposit, Freeborn and Lewis 
[56] suggested a dynamic mechanism similar to that of Partridge and White [55]. 
The effect of short-time calcium sulphate deposition on nucleate boiling heat transfer 
has been studied by Palen and Westwater [57]. Tests were made under pool boiling 
conditions on strips made from aluminium foil. Two types of deposit were observed: 
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one occurring beneath the bubbles formed by intermittent boiling sites and the other 
on those parts of the surface where no boiling sites were active. Palen and Westwater 
[57] measured the difference between the strip surface temperature and the bulk 
solution temperature as a function of time for constant heat fluxes. From the shape of 
such curves (for example see Figure 4.1) they defined three different regions. In the 
first two regions eTS first increased sharply to a maximum and then fell to a 
minimum. In third region, &TS increased gradually. Equations for deposition rate and 
surface temperature were developed from basic mass transfer relations, indicating that 
the deposition rate is proportional to the heat flux squared. 
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Bohnet [58] studied crystallization fouling of saturated aqueous CaSO4 solutions under 
forced convective conditions, using a test rig with an annular test section. Contrary to 
other investigators, asymptotic fouling resistance curves were found as shown in 
Figure 4.2. Since Bohnet et al. did not use filters in their experimental set-up, the 
presence of suspended solids in the test solution may have caused the dominant 
deposition mechanism to be a combination of crystallization and particulate fouling. 
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The presence of particulate fouling lowers the strength of the deposit and increases the 
removal rate, and consequently causes the fouling resistance curves to show 
asymptotic behaviour. Increasing the fluid velocity caused the fouling resistance to 
approach the asymptote value faster since the time constant is inversely proportional 
to the velocity squared. Adjusting the adhesion factor by measuring the fouling 
resistances, this was hypothesised that the inter-crystalline adhesion forces increases 
with fluid velocity. A two step approach including an expression for the deposit 
removal rate was used to model the fouling rates. The complete set of Bohnet et al. 's 
equations is presented in Section 4.5. 
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Figure 4.2 Fouling curves for different fluid velocities at almost identical 
liquid temperatures. Bohnet et al. [58] 
Hospeti and Mesler [59] studied deposits formed beneath bubbles during nucleate 
boiling of saturated calcium sulphate solutions containing radioactive sulphur-35. From 
the relative distribution of deposits, they concluded that the evaporation occurring at 
the triple interface is not as significant as the evaporation occurring over the entire 
base of the bubbles. Palethorpe and Bridgwater [60] examined the effect of surface 
finish on the formation of calcium sulphate deposit. They found that during both static 
67 
and flowing conditions, air bubbles at the heat transfer surface can significantly affect 
the amount of deposit formed. Banchero and Gordon [61] and Chandler [62] reported 
experiments which indicated that the initial deposition rate during heat transfer to 
saturated salt solutions is a strong function of the supersaturation at the heat transfer 
surface. 
Reitzer [63] proposed the following equation for the growth rate of deposits: 
dt= 
KA (Cb- C") n (4-1) 
He postulated that for highly agitated systems with slow crystalline growth, n would 
be equal to the order of the reaction, i. e. to the number of ions taking part in the 
formation of each molecule of solid. For quiescent, diffusion-controlled systems, n 
would be equal to 1. 
Nancolas et al. [64] studied growth and phase transformation of calcium sulphate 
dihydrate and hemihydrate crystals from 70 to 130 °C. They concluded that the growth 
rate of calcium sulphate dihydrate seed crystals is independent of the fluid dynamics 
of the system, suggesting that the rate is not diffusion-controlled but depends on the 
surface reaction. Gill and Nancollas [65] studied the kinetics of growth of calcium 
sulphate crystals on heated metal surfaces. They developed a kinetic model for calcium 
sulphate crystal growth and concluded that the rate constant is independent of surface 
area changes during the growth process, despite the considerable increase in surface 
area of the crystallites. 
Ritter [66] studied the fouling of CaSO4 and Li2SO4 on the surface of electrically 
heated tubes under constant heat flux conditions. Based on his experimental results he 
concluded that unlike cooling-tower water fouling with its typical asymptotic curves, 
pure crystallization fouling is characterized by an induction period with no fouling, 
followed by fouling at a constant rate. He also concluded that induction period and 
fouling rate of both salts are primarily functions of the supersaturation of the solutions 
and that the secondary correlating parameter for calcium sulphate scaling is the mass 
transfer coefficient. CaSO4 fouling was found to be mass transfer controlled, while 
Li2SO4 fouling was reaction rate controlled. A typical fouling curve measured by 
Ritter [66] is presented in Figure 4.3. Ritter [66] did not define the type of solution 
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and also the operating conditions at which the presented typical fouling curve is 
measured. 
Oufer et al. [67] studied chemical reaction fouling of styrene dissolved in pentane 
during subcooled flow boiling in a test rig similar to that used in this study. They 
investigated the effect of surface temperature, velocity and initial bulk styrene 
concentration on the fouling of polymerized styrene. Their results showed that the 
initial fouling rates increase with increasing surface temperature according to an 
Arrhenius term and that the initial fouling rates decrease with increasing flow velocity. 
Oufer et al. [67] also performed experiments showing the effect of velocity, at 
relatively high surface temperature. This high temperature may approach the melting 
point of the polymer, and the shearing action of the adjacent fluid causes the removal 
term to increase and therefore, the fouling rate to decrease at higher velocities. Bulk 
styrene concentration was found to have a somewhat controversial effect, since it only 
seemed to increase fouling rates at suitable conditions of high surface temperature and 
low velocity, i. e. where mass transfer effects become predominant. Oufer et al. [67] 
developed a model to predict the fouling rates which is based on various assumptions. 
69 
1,000 
AO 
r 
X 
NE 
v 
a) 
c 
3 
0 
v 
c 
E 
x 
w 
_ ..... ........ _ - .......... }..... i... _j... i.. l"44. ............... -».. --". --_....... ............... -4... 4.. j.. j.. j_j. i. ......... "--"... _......... ------- .......... }..... j.... i... j.. j.. j. j. j 
---- ..... ..... -........ -: - .......... ........... l.. i"1"ff 
.......... }..... 1.... 1.. {.. /"}i4 ........... 
j...... j... {.. 1.. }. 1.1.1. .......... }..... }... 1.1.. 1. {. /. 1 . ........... 1...... 1... .. 4.4.1"+1 
. 
.................. 1.... 1.. 1.. t. S1. ........... 1...... t... q.. 1.. 5.1.1.1 
4. 
.......... 5... 1... I.. t"?. t_t ...... ..........:..... ...... 5. _. 1. ýý 
1..... i.... j.. i.. i. iii 
7 ........... i...... i... i.. i--s. i. i. i. .......... -.... i... 
i .. i-. i. -. 1 .......... ' ..... 1..... 1.1.1. 1 7 
.......... }..... 1.... 1.. {.. /"f1t 
...... - " 
....: Q....:::::. 
»I::: 
ý:: ý.. *::: ý ::: .......... +..... }... 1... 1.. 1.. 1.1 .......... 1...... 1.... 1.. 1.1.1"ff 
__ ....:. . L.. _ . J. ........ 1... . 4.1.1. .................. . 
4.. 1. ....... ... i. 
........ L.... 7. . {. . j... ........ t........... . 1.. 1.1.7.7. ....... .... 1.. 1.. 1. ........ 1...... i....: . J. _. 
... --... 
5..... 1. . f... 
l.. t.... j. 
....... -j.... 
t... j.. S. 
. 
j. j. t. 
....... ... 
5... I. 
. 
j.. tt. j 
....... ... 
j...... 
.. 
f...:.. 
....... ... 
j. 
. 
j... *.. i.... tý 
........ 
i..... j... t. 
. 
j. j. 
. ................. 
I.. t.. j444 
.. 
f. j. __ .......... 
i...... i.... 
.......... 4.... 
j. j... r.. j. y. j{ 
....... . 
j.... j... j.. j.. {.. j. j. 
..... ... 
t.. i.. j.. j. {. 1. / ........ 
j.... j. 
. 
j.. +"i"I. j-+ 
b 
ý 
........ 
y.... 1. . I... 
j.: j. p. j} 
........ 1.... 
j... j:. ý.. j. . 1.1. .......: 
4.... j.... 4.. 1-1.7j4 1 ........ 1" "" "1" "1""4.1.1"« 
..... --... }..... 1.... 1.. {.. 1"}-Y{ ........... 1...... /... {.. 1.. . 1.1.1. ........ --{..... 4... 1--. 1.. 1. {. 1.1 . ........... 1...... 1.... 1.. 4"i"1"ýt 
---- 
----.. .. ................. 
- 
....... .. ....................... 
-.. -. i. . i.. _ ........ 
i..... i. i. ý. l ....... 1... 1.. 1.1 
i................. 
....... 
Y.... ý..... 
... 
t.. i. 
. --.. 
....... j... t.. ý.. 
. 
j. j. ý. 
....... -i... 
i. 
-1-"-f-j ................... 
j.... i.... ý. t"? S 
.......... _ ..... ....... _... - 
.......... }..... 1.... 1.. {.. /. } } 
......... ....... ... -..... _....... 
........... 1...... /... {.. ý.. }. 1.1.7. 
.......... -..... _ ......... º-... 
.......... {..... }... x... 1.. 1. {. 1. / 
........................... _... -_ 
.......... 4...... 1.... 1.. 4.4.1"tt 
.......... 5-. -.. 1.... l... r.. t 7t ........... I...... r.... t.. 1.. Z.. 1.1.1. ..... -.... ý..... t.... 1... 1.. 1.. t. t. 1 .......... 1...... i.... t.. t"t"1"SS 
.......... t...... t.... l.. q. .... IS .......... 1...... 1....... 1..... 1.1.1. .......... 5..... 1-... 1... 1.. 1.. t. t. 1 .......... I...... 1.... 1.. S. q. 1. t. } 
..... ... --... s.... º. t. 7. ....... .. . s.. s. .. s s. 7. .................. 
....... 
4..... i. 
........ 
i.... 1 
. 
1.. 1.1.1.1. 
--.. --. .. . 
j.. i.. l. 
-i. 
j. 
........ 
i...... i... 
"i-i.. 
....... 
y. 
. 
j.. 
-i". 1-ß--i4 ........ 
j..... i.. y.. i.. y. j. j. j. 
.......... t.... 
{... i... i.. i. 4 14 j... j.. i"4.4 44 ........ 
j...... 
100 
10 
1 
0.1r- 
0.1 
Figure 4.4 
1 10 
9 
100 1,000 
Predicted fouling rate ni K/J x 10 
Comparison of predicted and experimental initial fouling rates 
Oufer et al. [67] 
The model is compared with experimental data in Figure 4.4 and it is shown that the 
deviations are very high for some data points. 
Jamialahmadi et al. [51] studied bubble dynamics and scale formation during pool 
boiling of aqueous calcium sulphate solutions. From their results (see for example 
Figure 4.5) they concluded that the fouling process during nucleate boiling of saturated 
calcium sulphate solutions can be divided into three distinct time regions during which 
different phenomena dominate boiling and deposition. For constant heat flux, the heat 
transfer coefficient at the solid-liquid interface changes throughout the deposition 
process due to variations in the number of active nucleation sites. The major 
contribution towards deposition is due to the evaporation at the base of growing 
bubbles. Therefore, deposition rates increase with increasing number of active 
nucleation sites, that is with increasing heat flux. 
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4.2 Experimental Procedure 
A 55 litre charge of calcium sulphate solution with predetermined concentration was 
filled into the supply tank. The pump was started and the test rig left to reach steady- 
state at the desired bulk temperature and flow velocity. Then, a sample of the solution 
was taken and the experiment started by setting the specified heat flux, surface 
temperature or difference between bulk and surface temperature. The data acquisition 
program recorded the results at fixed time intervals. For safety reasons the fouling runs 
were terminated once the surface temperature of the heater had exceeded 170 °C. The 
range of the experimental parameters is given in Table 4.1. Altogether, 55 fouling runs 
have been performed, most of them in the subcooled flow boiling region with different 
contributions of nucleate boiling. 
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Table 4.1 Range of operating parameters in fouling runs. 
Flow Bulk Surface Solution Ionic 
velocity temperature temperature g/l Strength 
m/s OC OC mole/l 
0.5-2 65-95 95-140 1.6-2.7 0.05-0.3 
4.3 Test Solutions 
If an electrolyte solution is concentrated by evaporation, the dissolved salts will 
precipitate in a certain order depending on the concentration of the various ions and 
on the temperature. The solubility of most salts increases with increasing temperature 
and deposition does not occur on heat transfer surfaces unless the liquid is 
supersaturated. Scale deposits are formed from those compounds whose solubilities 
decrease with increasing temperature. The principal constituents that cause such 
problems are calcium sulphate and calcium carbonate. In this part of the investigation, 
calcium sulphate is used as solute. Calcium sulphate deposition from an aqueous 
solution appears in three forms: gypsum (CaSO4.2H20), calcium sulphate hemihydrate 
(CaSO4.0.5H20) and calcium sulphate anhydride (CaSO4). All three varieties have 
negative solubilities in water for temperatures above 40 °C, see Figure 4.6 [68). 
The solubility of calcium sulphate is strongly affected by the presence and 
concentration of other ions in the system. To investigate the effect of ionic strength 
on the potential of scale formation of calcium sulphate, sodium chloride salt was used 
to increase the ionic strength of the solution. Sodium chloride is highly soluble in 
water, hence solutions with a wide range of ionic strength could be prepared. The 
solubility of calcium sulphate as a function of the sodium chloride concentration is 
plotted in Figure 4.7 [69] for different temperatures. The solubility increases with the 
concentration of the soluble salt, and decreases with increasing temperature. 
Since calcium sulphate crystals do not dissolve easily in water, calcium nitrate 
(Ca(N03)2.4H20) and sodium sulphate (Na2SO4) were dissolved in water, resulting in 
calcium sulphate crystallizing on the heat transfer surface. The concentration of 
calcium ions present was measured by EDTA titration [70]. All chemicals used were 
Merck reagent grade and solutions were prepared for each run by dissolving the 
respective salt in distilled water and allowing it to equilibrate for about 12 hours. 
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4.4 Results and Discussion 
Bubble formation plays a significant role in the problem of scale formation during 
boiling heat transfer. Many studies have dealt with the effect of bubble formation on 
heat transfer, and some investigators [51,55-57,59,71] have tried to correlate these 
effects. It is generally believed that when bubbles form on a heat transfer surface, the 
solution becomes supersaturated at the gas/liquid/solid interface and deposits form. If 
the foulant has a negative solubility, the deposit will stay on the heat transfer surface. 
If the foulant is highly soluble, it will redissolve as the bubble departs. Figure 4.8 is 
a typical example for measured heat transfer coefficients as a function of time. In this 
case the heat flux is 150,000 W/m2, the calcium sulphate concentration is 2 g/l, the 
liquid velocity is 60 cm/s and the bulk temperature is 80 OC. The shape of the 
measured heat transfer coefficient versus time curve is characterized by a sharp 
decrease in heat transfer coefficient at the beginning of the operating time followed 
by gradual increase and subsequent gradual decrease. This is identical to the results 
obtained by Jamialahmadi et al. [52] for pool boiling. The increase in heat transfer 
coefficient at the early stage of fouling is thought to be due to the increase in the 
number of bubble nucleation sites generated by the deposit [52]. Additional nucleation 
sites increase the turbulence level in the zone near the heat transfer surface and, 
therefore, improve the heat transfer coefficient until the insulation effect of the deposit 
becomes dominant. 
A fouling curve shows the relationship between the thermal resistance of the fouling 
deposit and time. The shape of fouling curves is indicative of the phenomena 
occurring during the fouling process. A typical measured fouling curve in the 
subcooled flow boiling regime is shown in Figure 4.9. The fouling resistances were 
calculated from the heat transfer coefficients at the beginning of each experiment and 
the actual heat transfer coefficients after a certain operational period, according to the 
following equation: 
_I-1 Rf 
a (t) a (t=0 ) 
(4-2) 
After a slight improvement at the beginning of some experiments, almost all fouling 
curves show a linear increase in fouling resistance with time. A linear relationship is 
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characteristic for adherent deposits and indicates that the deposition rate is constant 
and that there is no removal. As mentioned before there is usually a time interval 
between the start of the heat transfer process and the detection of a thermal fouling 
resistance which is called delay time or initiation period. During this time period 
certain conditions required for deposition, such as nucleation and surface conditioning, 
are established. The delay time may vary from seconds to hours depending on degree 
of supersaturation, temperature and fluid velocity. In some of the fouling runs of this 
investigation, for example those shown in Figures 4.14,4.18 and 4.19 delay times 
were observed. Branch [7] correlated the delay time during subcooled flow boiling by 
a zero order chemical reaction: 
-EI 
t : delay 
= kd exp 
RT delay s 
(4-3) 
The results of the present investigation show that the delay time is a strong function 
of the degree of supersaturation and, therefore, can not be considered a zero order 
model, i. e. as independent of concentration (see Figures 4.18 , 4.19). 
The results show that at constant bulk temperature and liquid velocity, heat flux is one 
of the major parameters affecting the heat transfer coefficient. As expected, the clean 
heat transfer coefficient at the beginning of each experiment increases with increasing 
heat flux. As long as the other operational parameters are kept constant, heat transfer 
coefficients at high heat fluxes decreased faster and to a larger extent than at low heat 
fluxes. 
4.4.1 Effect of Flow Velocity on Fouling 
Many studies have attempted to determine the effect of flow velocity on scale 
formation during forced convective heat transfer. High velocities can sometimes curtail 
deposition [72], in other instances they accelerate fouling [73]. This depends on the 
thickness of the laminar sublayer and on the rate controlling deposition mechanism. 
Fouling can be controlled by molecular diffusion through the sublayer or by chemical 
reaction at the heat transfer surface or by both mechanisms. If the fouling process is 
not mass transfer controlled, then the deposition rate should be independent of the 
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flow velocity as long as the surface temperature remains constant. According to the 
work of Ritter [66], crystallization fouling of calcium sulphate under forced convective 
conditions and flow velocities similar to those used in this investigation is mass 
transfer controlled. Contrariwise Hasson and Zahavi [72] claimed that crystallization 
fouling of calcium sulphate is reaction controlled. 
The effect of fluid velocity on the fouling resistance is shown in Figures 4.10 and 4.11 
for constant surface and bulk temperature. For all velocities, the fouling curves show 
a linear increase in fouling with time. 
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To identify the controlling mechanism, the fouling rates were determined over a 
considerable range of fluid velocities under constant degree of supersaturation and 
constant bulk and initial surface temperatures. The results are plotted as a function of 
Reynolds number in Figure 4.12. At low fluid velocities, the mass transfer boundary 
layer is relatively thick and, therefore, molecular diffusion has some effect on the 
fouling rate. As the fluid velocity is increased, the boundary layer thickness is 
decreased and the mass transfer across the boundary layer no longer affects the 
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fouling rate which means that the fouling process is controlled by chemical reaction. 
Since the reaction rate constant only depends on the surface temperature, the curve 
shown in Figure 4.12 levels-off for higher Reynolds numbers. 
In this investigation it is assumed that the fouling process in the areas affected by the 
bubbles is reaction rate controlled, due to the mechanisms of bubble formation and the 
resulting agitation of the liquid layer close to the heat transfer surface. However, mass 
transfer effects have been included in the calculation of the fouling rates for the 
remaining heat transfer area. 
4.4.2 Effect of Surface and Bulk Temperature 
The variation in fouling resistance with initial surface temperature at constant bulk 
temperature and concentration is shown in Figures 4.13 and 4.14 for two different 
liquid velocities. The results show that fouling rates depend strongly on the heat 
transfer surface temperature especially at higher flow velocities. The delay time after 
the start of the fouling experiments decreases with increasing surface temperature. 
Since mass transfer coefficients increase linearly with temperature [74], fouling rates 
should increase linearly with surface temperature for the mass transfer controlled 
operating conditions. This trend was indeed observed for liquid flow velocities below 
90 cm/s. For velocities above 90 cm/s, the fouling rate increased exponentially with 
surface temperature which illustrates that fouling is occurring under reaction controlled 
conditions. The results shown in Figure 4.15 confirm the above hypothesis that mass 
transfer effects are important at lower flow velocities. 
The effect of bulk temperature is shown in Figures 4.16 and 4.17 for constant surface 
temperature and fluid velocity. The rate of fouling is independent of the bulk 
temperature, both at high velocity where the fouling process is controlled by surface 
reaction and at low velocity where mass transfer is also important. The bulk 
temperature has a negligible effect on the delay time, as also shown in these figures. 
79 
0.105 
2 
mK 
kW 0.09 
0.075 
v 
. U' 0.06 N 
0.045 
c 
Tb=80 °C 
V= 90 cm/s 
[CaSQ4]=2.0 g/I 
O 
AO' OO 
0 
0 
0 
Z 
L° 0.03 
0.015 
0 
n-u O 
0 
 Ts=124.5°C 
" TS=1 17 `C 
A Ts=1 13.5°C 
0 Ts=111 °C 
0 100 200 300 400 500 600 700 800 900 
Time min 
Figure 4.13 Effect of surface temperature on the fouling resistance 
0.09 
2 K 0.08 
kW 
0.07 
CD 0.06 
u 
v 0.05 
y 
0.04 
vý 0.03 
0.02 
LA- 
ö 
0.01 
0 
(n n il 
2.09/ STS=118°C 
Ts=114.5°b 
O %=111°C 
A Ts 107.5°C 
0 
fir 
................... ............................................ 
IV -140 c m/sl 
4 
go 
0 75 150 225 300 375 450 525 600 
Time min 
Figure 4.14 Effect of surface temperature on the fouling resistance 
S 
C 
t 
l 
80 
m20.0012 
kW min 
0.00105 
v=140 cm/ 
-- v=90 cm/s 
tcasoý=z. o 9i 
0.0009 
w 0.00075 
v 
fx 
0.0006 
c 
0.00045 
L- 
0.0003 
0.00015 
n 
Tb =80 °C 
v 
370 375 380 385 390 395 400 405 410 
Surface Temperature K 
Figure 4.15 Effect of surface temperature and flow velocity on the fouling 
rate 
0.105 
2 K 
kW 0.09 
TS=110 ° 
V= 90 cm/s 
0.075 
0.06 
0 
0.045 
0.03 
7 
L 0.015 
0 
IL 
A 
* 
[CoS =2.0 1 
Xo* 
4r 
*k 
Tb=70 °C 
a Tb=80 °C 
*0L Tb=90 °C 
0 100 200 300 400 500 600 700 800 
Time min 
Figure 4.16 Effect of bulk temperature on the fouling resistance 
t 
i 
81 
2 0.07 
mK 
k w-- 
0.06 
0.05 
w 0.04 
c 
0 
"y 0.03 
o, 0.02 
o 0.01 
LL- 
0 
(n ni) 
Ts=110.5 °C [CaSO4j = 2.0 g/I 
V= 120 cm/s 
O 
A Tb=70 °C 
O Tb=80 °C 
13 Tb=87 °C 
Q ................................................................................................................. 
V0 60 120 180 240 300 360 420 480 
Time min 
Figure 4.17 Effect of bulk temperature on the fouling resistance 
4.4.3 Effect of CaSO4 Concentration 
The primary cause of fouling is supersaturation. When the concentration product of 
[Ca2+] and [S04 2] ions exceeds the saturation value, calcium sulphate precipitates and 
forms scale. As long as the removal rate can be ignored, the rate of deposition can be 
expressed by: 
A= k(Cb-C*)n (4-4) 
where C is the saturation concentration of [CaSO4], calculated at surface conditions. 
For diffusion controlled fouling n is equal to one; for reaction controlled fouling of 
calcium sulphate a value of 2 has been reported [59,65,75]. Equation (4-4) shows that 
regardless of the mechanism of fouling the effect of concentration is strong and that 
it should be more pronounced under reaction controlled conditions. 
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The effect of calcium sulphate concentration at low and high flow velocities and at 
constant bulk and surface temperature is shown in Figures 4.18 and 4.19 respectively. 
The results show that the effect of concentration is more pronounced at high velocities 
indicating again that the controlling mechanism for deposition shifts from diffusion to 
reaction as the flow velocity is increased. 
4.4.4 Effect of Ionic Strength 
Foulants with negative solubility are more soluble in electrolyte solutions than in 
water, provided that the electrolyte contains no ions in common with the foulant. The 
data plotted in Figure 4.7 demonstrate the magnitude of this effect for calcium 
sulphate. At a specified temperature a more than twofold increase in the solubility of 
calcium sulphate is observed when the sodium chloride concentration is increased from 
0.0 to 5 %. It is important to note that the solubility of CaSO4 in NaCl solutions 
below 10% decreases with increasing temperature. The effect of electrolytes on 
solubility arises from the electrostatic attraction between the sodium chloride ions and 
the ions of opposite charge formed by calcium sulphate. Figure 4.20 shows measured 
fouling resistances as a function of time for various ionic strengths at constant bulk 
and surface temperatures. Increasing the ionic strength of the solution increases the 
solubility of the calcium sulphate and, therefore, decreases the driving force for 
deposition 
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4.4.5 Structure of Deposit 
According to the solubility curves shown in Figure 4.6 calcium sulphate deposits can 
occur in various forms. Nature and shape of calcium sulphate deposits are a strong 
function of heat flux, concentration, ionic strength of the solution and other operating 
parameters. The appearance of pure calcium sulphate deposits formed at different heat 
fluxes is shown in Figure 4.21. These pictures show that with increasing heat flux, the 
crystals become shorter and their orientation changes from perpendicular to parallel 
to the bubble growth direction. As a general rule, deposits formed at high heat flux 
are harder, denser and more adherent than deposits formed at lower heat fluxes. This 
has already been found for pool boiling [51]. The effect of flow velocity on the 
appearance of calcium sulphate crystals is shown in Figure 4.22. As the flow velocity 
is increased the deposits appear to be fine-grained and rather compact. 
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Figure 4.21a Micrograph of calcium sulphate crystal, q=350000 W/m2, 
v= l m/s, Tb=90 °C 
Figure 4.21b Micrograph of calcium sulphate crystal, q=150000 W/m2, v=1 
m/s, Tb=90 °C 
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4.5 Fouling Models 
So far a number of models have been proposed for different types of fouling. Because 
of the difficulty involved in reproducible measurements of the fouling resistances and 
the complex nature of the deposit formation, accurate modelling is still not possible. 
Most of the models that have been proposed are highly simplified because they are 
based on assumptions, such as [76]; 
- Only one type of fouling is usually considered 
- The fouling layer is assumed to be homogeneous 
- The deposit surface roughness is neglected 
- Changes in physical properties of the streams are omitted 
- The initial condition of the surface is not considered 
Furthermore, models so far only consider some of the variables such as, velocity, time, 
concentration, and temperature whereas other parameters which are very difficult to 
evaluate are neglected, these include 
- Effect of simultaneous action of different fouling mechanisms 
- Nature and condition of surface 
- Properties of foulant stream 
- Design of the equipment 
- Fluctuations in operation 
- Aging 
In this section some of the important fouling models are briefly discussed: 
McCabe-Robinson Model [771 
This investigation was the first publication on fouling which deals with scaling of heat 
exchanger surfaces in steam generators. The solid mass deposited per unit surface area 
was correlated as: 
(4-5) rh d=alq 
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No explanation of the physical meaning of al is given. Solid removal was also not 
considered. It is also not clear how the physical properties of the process fluid were 
taken into account. 
Kern-Seaton Model [781 
The first real attempt to derive a general fouling model was provided by Kern and 
Seaton [78] who noted that experimentally observed fouling curves followed a pattern 
in which after an initial period of fast fouling build-up, the fouling resistance tended 
to remain nearly constant. This behaviour could be described by the following 
equation: 
Rf= R* [1- exp (-6 t) ] (4-6) 
Where Rf* is the asymptotic fouling resistance for t=oo, and 8 is a coefficient 
representing the inverse of a relaxation time. 
Kern and Seaton [78] developed this model for particulate fouling taking into account 
removal or re-entrainment of deposits. They made the important suggestion that the 
net fouling rate is the result of two opposing rates, a deposition rate, Od and a removal 
rate, Or, i. e.: 
°Rf (4-7) 
dt 
ýd ýr 
In their model Od is independent of time, whereas Or depends directly on the actual 
value of Rf: 
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_ 
ýf 
ýd 
dt t-0 (4-8) 
ýZ =ORf 
under these conditions, the integration of Equation (4-7) yields: 
[1- exp (-8 t) ] (4-9) R=' 
which is similar to Equation (4-6) with R. f*=Od/8. 
This basic model constitutes the fundamentals behind most models that have appeared 
later in the literature, which differ essentially by the functional dependence of Od and 
Or. 
The Kern and Seaton model [78] predicts asymptotic fouling behaviour with Rf* being 
the fouling resistance after an infinite time of operation. According to this model, no 
matter what the conditions are i. e. type of fluid, heat exchanger surface, temperature 
driving force, an asymptotic fouling value will be obtained sooner or later with 
removal rates becoming equal to deposition rate. 
Reitzer Model [631 
Reitzer developed a model for crystallization of salt solutions in which he calculates 
the deposit mass flow rate with the aid of a combined diffusion-reaction mass transfer 
coefficient K and the concentration difference between the bulk liquid concentration 
Cb and saturation concentration C* as follows: 
and = K(Cb - C*) 
n= 
c"32j nT = cons t:. (4-10) 
Illd =K (Cb - C") n= a3 4= const. 
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The transfer coefficient reflects both the mass transport by diffusion and the reaction 
of filling the crystal lattice. The exponent n represents the order of reaction and Uf 
denotes the overall heat transfer coefficient for the fouled heat transfer surface. 
Equation (4-10) predicts a continuous increase of the fouling layer. 
Watkinson-Epstein Model [791 
This model is based on experimental data of particulate fouling of gas oil and of 
sand/water slurries. Watkinson and Epstein [79] found that the asymptotic fouling 
resistance is inversely proportional to the mass flux squared for gas oil data which is 
in contradiction to the Kern and Seaton [78] model which predicts a linear 
proportionality. For the sand/water slurry data the dependence on mass flux was in 
good agreement with the Kern and Seaton [78] model. Watkinson and Epstein [79] 
rationalized the apparently contradicting results for gas oil and for sand/water slurries 
by a model in which the deposition term is controlled by mass transfer and/or 
adhesion, and is counteracted by a removal term similar to that postulated by Kern and 
Seaton [78]. The deposition term is a product of mass flux, md, normal to the surface 
and a sticking probability S. The mass flux was expressed by a mass transfer rate 
equation, 
md=1(Cb-Cs) (4-11) 
in which ß is the mass transfer coefficient, and Cb, Cs are bulk and surface 
concentration of foulant, respectively. The "sticking probability" was taken to be 
directly proportional to the adhesive forces binding a particle to the surface, and 
inversely proportional to the hydrodynamic forces on the particle at the instant it 
reaches the surface. The sticking probability factor was written as: 
S_ Ce 2 
fv 
E 
R Ts 
(4-12) 
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In this equation f is a skin friction factor. This model appears to be a physically sound 
approach and explains the difference between the two sets of data, based on valid 
principles. However, because of the limited data and the type of fluid tested, practical 
applicability to industrial design is doubtful. 
Taborek et al. Model [801 
Taborek et al. [80] made an attempt to demonstrate the development of a semi- 
generalized predictive method for cooling tower water fouling, based on a large set of 
data and deductions from visual observations. In this model the Kern and Seaton [78] 
model is used in its basic form and correlations for deposition and removal terms are 
developed. Taborek [80] introduced into the deposit term the probability of adhesion 
of the deposit to the solid wall, an undefined water quality Q and the activation energy 
E, which is linked to the gas constant R and the surface temperature TS, according to 
an Arrhenius term. They also assume that the shear stress TS on the surface of the 
fouling layer is responsible for the removal of solids, and attempt to describe the 
strength of the fouling layer by an empirical structure parameter yf. Following the 
above descriptions, the deposition and removal terms are defined as follows: 
-E 
and = a4e one 
RT6 
IC1r = 
P/ 
a5TsIIIf111 
where P is an empirical exponent. 
Bohnet-Krause Model [581 
(4-13) 
The model suggested by Bohnet and Krause [58] is one of the most detailed model 
available in the literature on crystallisation fouling. It is developed based on 
experimental results on calcium sulphate deposition in a constant heat flux heat 
exchanger. Both deposition and removal rates have been taken into account to 
determine the rate of deposit formation. 
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During fouling by crystallization the deposition rate can be diffusion controlled, 
reaction controlled or a combination of both. The different rates which can be written 
based on the controlling mechanism are: 
I- Diffusion rate: 
and =P (Cb - Ci) (4-14) 
II- Reaction rate: 
and = Kr (Ci -C *) n (4-15) 
Cb, Cl, and C* are bulk, interface, and saturation concentration, respectively and n is 
the order of reaction. By eliminating the interface concentration in Equations 4.14 and 
4.15 and using the value of 2 for n (for CaSO4.2H20), the deposition rate becomes: 
and =ß2 +(Cb_ý, *) _4 (cb_C*) (4-16) Kr Kr Kr 
In this model, the nature of the deposit has been incorporated into the removal rate 
equation. Taborek et al. [80] modelled the removal rate only as a function of velocity. 
Bohnet and Krause [58] suggested that the removal rate is directly proportional to the 
fluid shear stress and inversely proportional to the deposit shear strength. The shear 
strength of the deposit layer depends on layer thickness Xf, inter-crystalline adhesion 
force P, linear expansion coefficient of deposit 8, number of fault points in the layer 
nf, temperature drop in the layer AT, and equivalent crystal diameter dp. 
Qf= a6 
P (4-17) 
NXf (1 + &O T) dp 
For the removal of solid material from the deposited layer, the following is assumed: 
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TI 
rima6ýfpf( p )3 
Of 
(4-18) 
Replacement of the shear stress in Equation (4-18) by pv2, and introduction of 
Equation (4-17) leads to: 
a1 mZ =P Pf (1 + 8AT) dD (p2µg) 3 Xfv2 (4-19) 
The number of fault points N in the fouling layer has been incorporated into the 
parameter a7. For second order reaction, (n in Equation 4-15), and by combining 
deposition and removal rates, the fouling resistance can be expressed as a function of 
the asymptotic fouling resistance and a time constant: 
Rf=R f* (1 -e -e t) (4-20) 
The asymptotic fouling resistance R f* and the time constant 0 are given by: 
* pp Rf =1 
pfAfa7 (1 +8 AT) dp (p 2 µg) 3 VZ 
(4-21) 
11ß+ (cb_C*ý 
41 
(1 2+ 
2 Kr r 
Kr 
1 
8=P (1 +8 AT) dD (p2 µ g) 3 v2 
(4-22) 
values for a7, P, 8 and N are given in [58]. 
Although this model is very advanced in terms of considering the properties of 
deposits, there are several shortcomings: 
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I- It is very difficult to measure most of the listed variables such as P, 8 and N. 
There is also no information about the wide variation in the size of the crystals 
which changes continuously. 
II- The model predicts strong asymptotic behaviour which is in contradiction to 
the findings of Reitzer [63] , Hasson [72] and Ritter [66]. In pure 
crystallization fouling of calcium sulphate crystals attach strongly to the heat 
transfer surface and do not exhibit significant removal rates. However, the 
presence of undissolved salts and suspended particles can change the deposition 
mechanism toward particulate fouling which shows asymptotic behaviour. 
Hasson Model [741 
Hasson et al. [74] developed a model based on measurements of CaCO3 fouling in a 
constant heat flux tubular heat exchanger. From their measurements Hasson concluded 
that, within the range of surface temperatures (67° to 85° C) and Reynolds numbers 
(13000 to 42000) investigated, CaCO3 deposition is mainly controlled by the diffusion 
rate of Ca" and HCO3-- ions. The rate of crystallization and gross deposition of 
CaCO3 per unit area at the interface was expressed based on the reaction controlled 
mechanism: 
W=K. ((Ca++] i (C03--] i- KS, ) 
(4-23) 
Where the bracketed parameters are the interfacial concentrations and Ksp is the 
solubility product of CaCO3 at the scale-water interface. Since the diffusion process 
depends on the concentration of all the diffusing species present in the water, it should 
first be determined which of the present species is predominant. At low pH values, 
most of the carbonate is in the form of HC03" ions and the tendency towards 
formation of CO3-" ions increases with increasing pH. In the case of low pH values, 
the rate of diffusion will be controlled by either CO2 or HCO3" ions as follows: 
( [HCO3-] - [HCO3-] i 
W= ß ([Ca++] - [Ca+'] i) =ß ([Co, ] - [CO, ] i) =P 2 
(4-24) 
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P represents the convective mass transfer coefficient which can be considered to be 
identical for all carbonate species due to their similar diffusivity values. By elimination 
of interfacial concentrations from Equations (4-23) and (4-24), and assuming that the 
concentration of C03"" ions is much lower than that of Ca" ions, as is often the case, 
the final form of the deposition rate equation is developed. This model is described 
in more detail in the next chapter. 
Watkinson-Martinez Model [811 
This model is also based on the fundamental material balance, suggested by Kern and 
Seaton [78]. The recommended deposition rate is identical to the one by Reitzer [63] 
and is shown below: 
and = 
Kr (Cb -C *) n (4-25) Pf 
Kr, the reaction rate constant in this equation, is expressed by an Arrhenius type 
equation. The same removal rate expression as suggested by Kern and Seaton is used 
in this model. Even though CaCO3 deposits are much stronger than the particulate 
deposits considered by Kern and Seaton [78], the removal rate was assumed to be 
directly proportional to deposit thickness, which may not be correct for every case. 
Chan and Ghassemi Model 182,831 
Chan and Ghassemi [82,83] tried to model scaling of heat transfer surfaces by calcium 
carbonate, based on the first conservation principle approach. In this model the 
deposition process is assumed to be controlled by the two processes of mass transport 
to and crystallization reaction on the heat transfer surface. The model was then 
developed for CaCO3 scaling in a laminar falling film and in a turbulent annular flow 
system. The predicted deposition rate, scale thickness, and its profile were compared 
with experimental data and good agreement was found. This model also, is described 
in detail in the next chapter. 
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All of the above mentioned models were developed based on experimental data for 
non-boiling conditions. Due to the industrial importance of heat transfer during 
subcooled flow boiling, it seems that there is a need to develop a model for prediction 
of fouling resistances during this mode of heat transfer if pure crystallization fouling 
from electrolyte solutions occurs. 
4.6 Modelling for Calcium Sulphate Fouling 
The Chen model [42], which has been described in detail in Section 3.5.2, is used to 
develop a model for the prediction of fouling rates during subcooled flow boiling. As 
described before the Chen model [42] is an additive method for prediction of clean 
heat transfer coefficient during flow boiling which combines the convective and 
nucleate boiling contributions to flow boiling heat transfer. The total heat transfer 
surface is divided into two parts: the area affected by active nucleation sites and the 
remaining heat transfer area which is controlled by the forced convective mechanism. 
Therefore, the fraction of nucleate boiling in this model can be defined as [7]: 
NBF =a nbS (4-26) a fb 
This parameter may be interpreted as a measure of the fraction of the heat transfer 
area affected by bubble growth mechanisms and can be calculated from Equation (4- 
26) in conjunction with the Chen model. For calculation of NBF the predicted clean 
heat transfer coefficient at the beginning of each run has been used. Calculated values 
for NBF, as boiling fraction, are presented in Table 4.3 for some of the fouling 
experiments. Scale formation at the heat transfer surface during subcooled flow boiling 
is, therefore, a combination of the following two mechanisms: 
1. In the area which is affected by the vapour bubbles fouling occurs 
mainly due to the mechanism of bubble formation and microlayer 
evaporation. 
2. In the remaining area fouling takes place by forced convection 
mechanisms. 
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As shown in Figure 4.23 it is assumed that the two mechanisms occur in parallel in 
separate zones of the heat transfer surface. Therefore, the overall fouling rate can be 
presented by the following equation: 
dRf 
dt 
(PfIf) = NBF. 1i +(1-NBF) . nfc 
(4-27) 
As the heat flux increases, the number of active nucleation sites increases and 
Equation (4-27) predicts that fouling caused by the boiling mechanism will increase. 
Prediction of --"b 
Because of the high level of turbulence created by the departure of the vapour bubbles 
from the nucleation sites and the rapid evaporation of liquid beneath the vapour 
bubbles, it seems reasonable to assume that the deposition in the boiling zones is 
reaction rate controlled, i. e. 
hnb = K1 (Cbb C'*)2 (4-28) 
Where Cbb is the concentration of the foulant beneath the vapour bubbles and C* is 
the saturation concentration calculated at surface temperature. The temperature 
dependence of the reaction rate constant follows an Arrhenius type equation and is 
calculated as follows: 
-E (4-29) 
K1 = Kl, o eR 
Ts 
More than 96% of the deposited calcium sulphate found in this investigation was in 
the form of hemihydrate, the solubility of which has been studied in detail by Marshal 
and Slusher [69]. Regression analysis of their data gave the following correlation for 
the saturation concentration of calcium sulphate hemihydrate as a function of ionic 
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Figure 4.23 Areas affected by nucleate boiling and forced convection 
strength of the solution and surface temperature: 
C* = 10a+bz (4-30) 
Where the parameters a, b and z are: 
a=2.047-0.01136T (4-31) 
b=-6 . 5832 +0.0226 T 
Z= 
1 +1.5I 
(4-32) 
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Concentration Beneath the Vapour Bubbles 
Figure 4.24 shows a bubble growing from a nucleation site on the heat transfer 
surface. Heat transfer to the boiling liquid occurs by three mechanisms: forced 
convection to the liquid, conduction through and evaporation of a liquid microlayer 
between bubble and heat transfer surface, and heat transfer from the superheated liquid 
boundary layer to the vapour bubble. From these mechanisms, only microlayer 
evaporation can cause a significant increase in the concentration of calcium sulphate 
near the heat transfer surface. Evaporation at the base of the bubble increases the local 
concentration of calcium sulphate in the liquid beneath the bubbles significantly. 
Therefore, the concentration of ions beneath the bubbles can be written in terms of 
bulk concentration as: 
C =YCb (4-33) 
Where y is the concentration effect in the microlayer which is difficult to predict 
exactly. However, an estimate of the ion concentration in the microlayer at the bubble 
departure can be made by assuming that all the vapour in the bubble was produced by 
vaporization of liquid from the microlayer. Winterton [84] and Wenzel [1] measured 
the bubble departure diameter in subcooled flow boiling of water and reported that it 
does not exceed 3 mm. Using this value for the bubble departure diameter and 2 µm 
for the thickness of the microlayer (this value was reported by Moore and Mesler [85] 
for hemispherical bubbles), the concentration multiplier 'y is estimated as 1.48. A 
value of 1.5 was therefore used in the following analysis. Substituting this value 
together with Equation (4-29) into Equation (4-28), the final equation for the 
deposition rate in the bubble affected area becomes: 
-E (4-34) 
rýrib = Kl, oe 
RTs (1.5Cb-C*)2 
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Figure 4.24 Bubble growing at heat transfer surface 
Prediction of Ai fc 
A number of studies have been made on the mechanism of calcium sulphate crystal 
growth under forced convective conditions [58,64-66,72,75]. It is assumed that the 
deposition of calcium sulphate takes place in two steps. Firstly, calcium and sulphate 
ions are transported to the surface by diffusion through the boundary layer which is 
formed between the crystals and the solution; 
n fc =ß (cb - C1) 
(4-35) 
Then, the ions will react at the surface to form the solid phase of calcium sulphate. 
This surface reaction can again be described by : 
fc =K2 (C= _C -) 
2 (4-36) 
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In these equations, Cb, C` and C; are respectively the bulk, saturation and interface 
concentrations of calcium ions and K2 follows an Arrhenius type equation. Some 
investigators [72,75] believe that scale formation of calcium sulphate on the heat 
transfer surface is not mass transfer controlled and neglect this step in their modelling. 
Since the results of this investigation show that mass transfer effects have some 
influence on the rate of calcium sulphate scaling, Equations (4-35) and (4-36) have 
been combined to eliminate the interface concentration. The deposition rate for the 
area affected by forced convection becomes, therefore: 
nfc =ß111+ (Cb - C*) -1 (--ý]2+ (ý] (Cb - C-) 
(4-37) 
24 K2 K2 
Where K2 is: 
-E 
R TS K2 = K2,0 e 
(4-38) 
The total fouling rate during subcooled flow boiling can then be calculated using 
Equations (4-26) to (4-38). 
Reaction rate constants K1,0 and K2,0 and activation energy E required in Equations 
(4-29) and (4-38) are obtained from nonlinear regression analysis of the experimental 
data. The results of this analysis are summarized in Table 4.2. 
The values of density and thermal conductivity of calcium sulphate deposits used in 
this investigation are the average of the values reported in [52,55]. The mass transfer 
coefficients are predicted using a Dittus-Boelter-type equation: 
0.023 Re° 85 Sco. 33 
D (4-39) 
Diffusion coefficients of Ca" and S04-- are given by Bohnet et al. [58] for an average 
temperature of 82.5 °C for which DT=82 5 =1.0633E-9 m2/s. Using this information and 
the approximate relation [86]: 
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Table 4.2 Parameters and physical properties used in this investigation 
Kl, o 
m4/kg. s 
K20 0 
m4/kg. s 
E 
J/mole 
Xd 
kW/m. K 
Pd 
kg/m3 
2.9x1010 5.7x1011 112517 0.00223 2165 
DT2 = DTl (T2 / T1) .e xp 
[3.8 Tb (-- / T. -l/ T2) ] (4-40) 
where Tb denotes boiling temperature of the liquid, the diffusivity is calculated for ans, 
temperature. Mass transfer coefficients calculated for some of the fouling runs are 
presented in Table 4.3. 
The activation energy found from curve-fitting the experimental data is in good 
agreement with the value reported by Bansal [76] for fouling of gypsum under forced 
convective conditions. He has reported a value of 1.3363 x 105 J/mole, and also used 
a microfilter in his experimental set-up. Lammers [87] determined the activation 
energy as 6.28 x 104 J/mole and Bohnet [58] has reported the value of 4.04 x 104 
J/mole. However, Lammers [87] and Bohnet [58] both did not install filters in their 
test rigs. It is therefore possible that their measurements were not for pure 
crystallization fouling and both particulate and crystallization fouling took place. The 
presence of suspended solids in the crystal lattice of the fouling layer makes it easier 
to grow and therefore reduces the value of E. 
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Table 4.3 Operating Conditions in some of the Fouling Experiments 
Run ID Surface Temp. 
°C 
Bulk Conc. 
g/1 
Velocity 
cm/s 
NBF 13.10` 
m/s 
18F-7 397.5 1.95 90 0.20 14.7 
18F-4 390 2.00 90 0.172 13.65 
17F-7 386.5 2.05 90 0.032 13.48 
17F-3 384 2.00 90 0.0112 12.97 
17F-10 381 2.05 140 0.002 18.2 
18F-3 384 2.00 140 0.015 18.88 
18F-10 388 2.054 140 0.034 19.87 
18S-7 391 2.25 140 0.019 18.89 
18F-11 388 2.00 70 0.153 11.02 
17F-11 388 1.95 90 0.064 13.82 
18F-12 388 2.00 110 0.067 16.18 
17F-12 388 2.00 140 0.081 18.65 
17F2 384 1.94 60 0.024 9.19 
17F-9 384 2.02 100 0.03 14.18 
18F-9 384 2.06 160 0.018 21.15 
18S-5 391 2.30 100 0.165 15.49 
17S-7 394 2.50 100 0.375 16.07 
18F-2 384 1.95 120 0.019 16.56 
18S-3 398 2.60 80 0.468 13.93 
18T-1 384 1.80 120 0.017 16.56 
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4.7 Comparison with Experimental Data and with other Models 
A comparison between experimental and predicted fouling rates and between the 
corresponding heat transfer coefficients is shown in Figures 4.25 to 4.28 for two 
different heat fluxes. Considering the uncertainties associated with heat transfer fouling 
experiments agreement between predicted and measured results is excellent. The 
suitability of the suggested model for the prediction of calcium sulphate fouling rates 
during subcooled flow boiling is further demonstrated in Figure 4.29 where all 
experimental data obtained under various operational conditions are compared with 
values obtained from this model. The average absolute error is 25%. This value is 
close to the error margin already involved in the prediction of clean subcooled boiling 
heat transfer coefficients. 
The effects of velocity, bulk concentration and surface temperature on the predictions 
of the suggested model are shown in Figures 4.30 to 4.32. Figure 4.30 illustrates that 
the fluid velocity has some effect on the predicted fouling rates as was found for the 
measured fouling rates. The effect of bulk concentration on the predicted fouling rates 
is shown in Figure 4.31. The results illustrate that the effect of concentration is more 
pronounced at high velocities. This indicates that when the fluid velocity is increased, 
the contribution of mass transfer becomes less important and the fouling mechanism 
shifts towards a reaction controlled conditions. The same was found for the measured 
fouling rates. Figure 4.32 indicates that the predicted fouling rates increase with 
increasing surface temperature with a trend between linear and exponential. For further 
investigation of the effect of the operating parameters on the predictions of the 
suggested model, some of the measured fouling resistances were predicted. The results 
are presented in Figures 4.33 to 4.35. Taking into consideration that the initial delay 
time can not be calculated with the model, the results in Figures 4.33 to 4.35 are 
comparable to the measurements presented in Figures 4.10,4.14 and 4.19 respectively. 
In Figures 4.36 and 4.37 measured fouling resistances from two calcium sulphate 
fouling experiments are compared with the predictions of models suggested by Bohnet 
et al. [58], Ritter [66] and in this investigation. These figures illustrate that while the 
Ritter model and the model suggested in this study predict linear fouling behaviour, 
the Bohnet et al. model predicts an asymptotic fouling resistances. This is due to the 
inclusion of a removal rate in the model by Bohnet et al. Overall predictions of the 
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two published models are acceptable. However the Ritter model predicts the slope of 
the fouling resistances - time curves much better. Both the Ritter model [66] and the 
model developed in this study predict constant fouling rates, therefore it is possible 
to compare the fouling rates predicted by this model with experimental measurements. 
The average absolute error of the predicted fouling rates from the Ritter model [66] 
for all of the calcium sulphate fouling runs is 39%, as compared to a value of 2517, - for 
the present model. 
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4.8 Conclusions 
Fifty five experiments have been performed on CaSO4 scale deposition during 
subcooled flow boiling in a vertical annulus. It has been shown that the deposition rate 
is controlled by different mechanisms, depending on flow velocity and surface 
temperature. Furthermore, different trends are observed for conditions where 
convective heat transfer or nucleate boiling prevails. For the investigated range of flow 
velocity, a linear increase of fouling resistance with time has been observed. This is 
the result of pure crystallization fouling; asymptotic behaviour reported by other 
investigators must be attributed to additional particulate fouling in the absence of a 
suitable in-line filter. 
In analogy to subcooled flow boiling heat transfer, a model for subcooled flow boiling 
scale formation has been developed. This model includes transport and reaction 
mechanisms of scale formation, as well as concentration effects under the growing 
bubbles. Obviously, the mechanism of heat transfer should not affect the activation 
energy of the crystallization reaction. This has been confirmed by the modelling 
approach. However different reaction rate constants have been found for crystallization 
in the presence and absence of bubbles. The model is able to predict all observed 
trends, i. e. the effect of variation in CaSO4 concentration, flow velocity, heat flux and 
bulk temperature, correctly. The quantitative agreement between measured and 
predicted fouling rates is good. 
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5. CALCIUM CARBONATE FOULING DURING SUBCOOLED FLOW 
BOILING 
The main objective of this part of the investigation is to study systematically the 
mechanism of calcium carbonate fouling during subcooled flow boiling by measuring 
the overall heat transfer coefficient over a wide range of flow velocities, bulk and heat 
transfer surface temperatures and fluid bulk concentrations. After clarification of the 
effect of these parameters on the deposition process a predictive model for calcium 
carbonate fouling under subcooled flow boiling will be developed in analogy to the 
model for CaSO4. 
5.1 Literature Review 
Several investigators have studied the mechanism of calcium carbonate fouling during 
forced convective heat transfer. As stated before subcooled flow boiling is an 
important heat transfer mode from an industrial point of view, but hardly any article 
can be found in the literature which exclusively deals with fouling during subcooled 
flow boiling. 
Hasson and Perl [89] and Gazit and Hasson [90], have analyzed the mechanism of 
CaCO3 scale deposition from a laminar falling-film under evaporative non-boiling 
conditions. They have presented theoretical models which take into account the effects 
of water composition and hydrodynamic conditions. Based on the experimental results 
they concluded that diffusional effects can be of importance even in thin-film flow. 
Hasson et al. [74] investigated scale deposition of calcium carbonate on the surface 
of an annular constant heat-flux exchanger. They examined the effect of parameters 
such as flow velocity, scale surface temperature, and water composition on scale 
growth by measuring the scale deposition rates. They concluded that in the range of 
experimental parameters in their investigation, CaCO3 deposition is mainly controlled 
by the diffusion of Ca+2 and HC03" ions. The resulting model will be explained in 
more detail in Section 5.6. 
Chan and Ghassemi [82,83], by using conservation equations and surface reaction 
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kinetics, tried to model scaling of heat transfer surfaces by calcium carbonate. They 
concluded that using multispecies crystallization reaction rates in conjunction with 
their model predicts the calcium carbonate fouling rates with good accuracy. This 
model also will be described in more detail in Section 5.6. 
Sheikholeslami and Watkinson [91] studied the scaling of calcium carbonate on the 
surface of copper and mild steel plain heat exchanger tubes and on an externally 
finned mild steel tube. In most of their experiments they observed a linear increase in 
Rf values with time under constant heat flux. They found that the rate is clearly higher 
on the plain tube at equal velocity and for both steel tubes the rate generally decreases 
with increasing velocity for V>0.3 m/s. Sheikholeslami and Watkinson [91] also 
mention that falling scaling rates with increasing velocity are commonly found where 
particulate fouling dominates or where deposits are fragile. Hasson's ionic diffusional 
model was used to predict their experimental results, even though this model predicts 
increasing scaling rates with increasing velocity. 
Watkinson and Martinez [81] studied the effects of tube-side velocity and bulk 
temperature on calcium carbonate scale formation on copper heat exchanger tubes 
under constant wall temperature conditions. They found that the fouling resistance for 
each tube at first increases with velocity, goes through a maximum and then decreases. 
It was also found that at constant inlet temperature, tube diameter has a weak effect 
on fouling resistance due to the difference in average liquid temperature as the 
diameter is changed. A mathematical model based on the Reitzer [63] and Kern and 
Seaton [78] models including the removal term was used to predict their results. This 
model was described in detail in Chapter 4. 
5.2 Experimental Procedure 
The experimental procedure for fouling runs with calcium carbonate was exactly the 
same as the procedure used for calcium sulphate fouling runs. For each run, after 
steady state conditions were reached, a sample of the solution was taken and the 
experiment started. Specified conditions of heat flux, surface temperature or difference 
between bulk and surface temperature were adjusted. The data acquisition program 
recorded the results at a fixed time interval. For safety reasons the fouling run was 
terminated once the surface temperature of the heater exceeded 170 °C. The range of 
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experimental parameters is given in Table 5.1. 
Table 5.1 Range of operating parameters 
velocity Bulk Surface Solution 
m/s temperature temperature mole/1 
oC oC 
0.6-1.8 80 105-120 0.0035 - 0.0075 
5.3 Test Solutions 
Calcium carbonate crystals exist in three forms, namely aragonite, calcite and vaterite. 
Since all three forms of this salt have an inverse solubility (as shown in Figure 5.1, 
[92]) the saturation concentration of the solution will decrease near the heated surface. 
If the concentration of the solution exceeds the equilibrium concentration, calcium 
carbonate will crystallize out. 
Since calcium carbonate crystals do not dissolve easily in water, calcium nitrate 
Ca(N03)2.4H20 and sodium carbonate Na2CO3 were dissolved in water, resulting in 
calcium carbonate crystallizing on the heat transfer surface. The dissociation of the 
various ionic species of sodium carbonate in water is quite sensitive to the pH of the 
solution. In the present analysis, the pH of the solutions have been less than 8.5 so 
that most of the dissolved carbonate ions in water are in the form of the bicarbonate 
species, HC03- [93]. The bicarbonate ions undergo the following equilibrium reaction 
in the vicinity of the heated surface [74]: 
2HCO3- - H2O + CO2 (aq) + CO3-2 
(5-1) 
The C03"2 species produced in this reaction reacts with Ca+2, which has been 
transported to the surface, to form a CaCO3(s) deposit on the heat transfer surface. 
In studies of CaCO3 deposition, the equilibrium of the H2O - CO2 system 
is usually 
considered [82] which is discussed in the following section. 
The concentration of calcium ions present was measured by EDTA titration 
[70] and 
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the total alkalinity was measured by titration with a dilute solution of hydrochloric 
acid. All chemicals used in this part of the investigation also were highly pure (greater 
than 99%) and supplied by MERCK company. Solutions were prepared for each run 
by dissolving the respective salts in distilled water and allowing the solution to 
stabilize for about 12 hours. 
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5.4 Calcium Carbonate Chemistry 
The common ion effect determines the saturation concentration of CaCO3 salt 
according to the following equation: 
[Ca`+]' [CO 3--] *= K9p 
(5-2) 
where Ksp is the temperature dependent concentration solubility product and the 
bracketed parameters are the saturation concentrations. Therefore, supersaturation 
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occurs when the concentration of the ions increases beyond the saturation 
concentration. Ksp is significantly affected by temperature and some of the empirical 
correlations for Ksp which have been used in this investigation are described in the 
following sections. 
When a soluble salt of calcium is added to a bicarbonate solution, the following 
reactions take place: 
H2 0 *4 H+ + OH- (5-3a) 
HCO3 -+ H+ l* H2 CO3 = CO2 + H2O (5-3b) 
HCO3- Is* CO -+ H' (5-3c) 
CO3 --+ Ca ++ v* CaCO3 (5-3d) 
Thus, the total carbon concentration (Cr) is given by: 
CT _ [HC03 ]+ [H2CO3] + {c03--1 (5-4) 
To determine the carbonate solubility, the chemistry of carbonic acid solution should 
be first understood. Since dissociation of strong acids and bases in pure water is 
complete, the hydrolysis effect of water is negligible and pH can be calculated using 
the molar mass of the substance added. However, in the case of weak acids or bases, 
the dissociation is not complete and the pH can not be determined by the above 
method. Therefore, a reference pH is defined as the equivalent point which is the pH 
of an equivalent solution established by adding, say, x moles of a weak acid or base 
to a litre of pure water. This pH or the equivalence point depends on the amount of 
substance added to the water. 
The concept of equivalence point becomes important when a weak acid or its salts is 
mixed with a strong base or strong acid, respectively. Calcium carbonate is the salt of 
a diprotic weak acid H2CO3. Carbonic acid has three different equivalence points with 
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respect to H2CO3, HC03" and C03"". In a water sample, if the pH of the solution is 
above the H2CO3, HC03" or C03"" equivalence points, the concentration of the 
monoprotic strong base which establishes the observed pH is called total alkalinity, 
phenolphethalein alkalinity and caustic alkalinity, respectively. Therefore, based on the 
electroneutrality condition through the proton balance equation, the total alkalinity 
(T. A. ) of a water with total carbon species (Cr) becomes: 
[T. A. 1= [B'] = [HCO3-] +2 [C03--] + [OH-] - [H; ] (5-5) 
The concentration of a diprotic strong base which satisfies the same condition is: 
[B+] =2 [Ca; +] 
In a solution containing CaCO3, the distribution of the carbon species is significantly 
affected by the pH. The effect of pH can be investigated considering the following 
relationships obtained from the equilibria of carbonic acid. 
K_ 
[H+] [HC03-] (5-7) 
11 C02 ] 
K 
[H+J [ C03--] (5-8) 
2[ HC03 - 
where Ki and K2 are, respectively, the first and second molar distribution constants 
of carbonic acid. Solving three independent equations (5-5), (5-7) and (5-8), for three 
(5-6) 
different unknowns yields 
[ CO3 --I= [T. A. ]+[H+]-[OH] (5-9) 
2(1+ 
2 Ci 
J) 
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[HCO3_] _ 
[T. A. ] + [H`] - [OH ] 
1+2 
K2 (5-10) 
[H+] 
[C, O2] = 
[T. A. j+ [H+] - [OH-] 
K1 2K2 (5-11) 
[H4] [H4] 
Thus by knowing the pH and the total alkalinity of the solution, and dissociation 
constants for carbonic acid, the concentrations of all the species present in the solution 
can be calculated. It is obvious that the distribution of carbon species in water is very 
pH dependent, and that the degree of supersaturation is also a function of both the 
total carbon content CI. and the pH. 
Alkalinity Measurements 
Total alkalinity (T. A. ) is measured by titration using a bromocresol green-methyl red 
mixed indicator which is more suitable for alkalinities below 500 mg/l. Na2S2O3 is 
used as an inhibitor for the removal of residual chlorine that would otherwise impair 
the indicator colour changes. 0.2 N HCl is used as a titrant and the end point is both 
determined by the indicator colour change and by a pH meter [94]. 
1 drop of Na2S2O3 and 3 drops of mixed indicator are added to 50 ml of sample. The 
blue sample is titrated with 0.02 N HCl to the appearance of a light pink which occurs 
at pH 4.5. Total alkalinity is then calculated using the following formula: 
T. A. = 
B'*N* 50000 (5-12) 
VI 
Where B' is the volume of titrant (ml), N is the normality of titrant and V' is the 
volume of sample (ml). The T. A. is calculated in mg CaCO311. 
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Hardness Measurement 
Hardness is determined by a complexometry method using Eriochrome Black T as an 
indicator. The presence of magnesium is required for satisfactory determination of the 
end point in the titration. Both the sharpness of the end point and the tendency of 
CaCO3 and Mg(OH)2 to precipitate increase with increasing pH; therefore, the pH 
value of 10.0 ±0.01 is recommended as a satisfactory compromise. A buffer solution 
is prepared by mixing 55 ml concentrated HCl with 400 ml distilled water, adding 310 
ml 2-amino ethanol and 5g magnesium salt of EDTA and diluting the whole mixture 
to 1 litre with distilled water [70]. 
To prevent the interfering effect of some metal ions which cause an indistinct end 
point, a mixture of 4.5 g hydroxylamine hydrochloride in 100 ml of 95 percent ethyl- 
alcohol is used as inhibitor. A solution of 0.01 M EDTA is used as a titrant. 
To carry out the titration, 1 ml of the buffer, 1 ml of the inhibitor and 2 drops of the 
indicator are added to 25 ml of sample which is already diluted to 50 ml. 0.01 M 
solution of EDTA is added to the reddish sample until the disappearance of the last 
reddish tinge. Duration of titration should not exceed 5 min. in order to prevent 
precipitation of CaCO3 at higher pH values. Using the following formula, the hardness 
(Ca++) can be determined: 
ca. =a"*B 
ll* 10 00 (5-13) 
VI 
Where a' is the volume of the titrant (ml), B" is the mg of CaCO3 equivalent to 1 ml 
of EDTA and V' is the volume of the sample (ml). 
5.5 Results and Discussion 
A series of experiments was designed to investigate the effect of operating parameters 
such as fluid velocity, surface temperature and liquid bulk concentration on fouling 
rates of calcium carbonate solutions during subcooled flow boiling. The overall heat 
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transfer coefficient was measured in each run for time periods up to 10 hours. Figure 
5.2 shows a typical measured heat transfer coefficient as a function of time. The shape 
of the measured heat transfer coefficient versus time curve is characterized by a sharp 
decrease in heat transfer coefficient at the beginning of the operating time followed 
by sharp increase and subsequent gradual decrease. The increase in heat transfer 
coefficient at the early stage of fouling is thought to be due to the increase in the 
number of bubble nucleation sites generated by the deposit [52]. This behaviour is 
exactly the same as what was seen for calcium sulphate fouling runs during subcooled 
flow boiling. 
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Typical variation of heat transfer coefficient with time. 
A typical measured fouling curve in the subcooled flow boiling regime is shown in 
Figure 5.3. As far the calcium sulphate fouling runs the fouling resistances were 
calculated from the heat transfer coefficients at the beginning of each experiment and 
the actual heat transfer coefficients after a certain operational period, according to the 
following equation: 
Rf 1- 
a(t) 
[Cosh = . 0069 M 
TA= 240 mg CoCO3/1 
1 
a( t0) 
(5-14) 
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After a slight improvement at the beginning of some experiments, almost all fouling 
curves showed an almost linear increase in fouling resistance with time which is the 
characteristic of adherent deposits and indicates that the deposition rate is constant and 
that there is no removal. This is similar to the results with CaSO4. 
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Figure 5.3 Typical variation of fouling resistance with time. 
5.5.1 Effect of Flow Velocity on Fouling 
As explained before, the laminar sublayer which forms next to the heat transfer surface 
has a strong effect on fouling characteristics. The thickness of this layer is strongly 
affected by flow velocity. Temperature and degree of supersaturation in this layer are 
different form those in the bulk solution. It is generally believed that if fouling is not 
influenced by diffusional mass transfer, the fouling rate should be independent of the 
flow velocity for constant surface temperature. According to the work of Hasson et al. 
[74], crystallization fouling of calcium carbonate under forced convective conditions 
is mass transfer controlled. 
V= 85 cm/s 
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The effect of fluid velocity on the fouling resistance is shown in Figure 5.4 for 
constant bulk and initial surface temperature. For all velocities, the fouling curves 
show an almost linear increase in fouling except during the initial period of 
experiment. To find the controlling mechanism, the effect of velocity on scale growth 
rate was investigated over the range of 70 to 160 cm/s under constant degree of 
supersaturation and constant bulk and initial surface temperatures. The results are 
plotted as a function of Reynold numbers in Figure 5.5. This is identical to the results 
obtained for calcium sulphate fouling runs during subcooled flow boiling. The results 
illustrate that at low fluid velocities, molecular diffusion has a significant effect on the 
fouling rate. As the fluid velocity is increased, the boundary layer thickness is 
decreased and the mass transfer across the boundary layer no longer affects the fouling 
rates which means that the fouling process is more controlled by chemical reaction. 
As stated in Chapter 4, it can be assumed that the fouling process in the vicinity of 
the emerging bubbles is reaction controlled due to the mechanism of bubble formation 
and the agitation of the liquid layer close to the heat transfer surface by vapour 
bubbles. However, mass transfer effects have to be included in the calculation of the 
fouling rates for the remaining area of heat transfer. 
5.5.2 Effect of Surface Temperature 
The variation in fouling resistance with initial surface temperature at constant bulk 
temperature and concentration is shown in Figures 5.6 and 5.7 for two different liquid 
velocities. The results show that the initial heat transfer surface temperature has a 
more significant effect at higher velocities. The increase in fouling rate with initial 
surface temperature can be accounted for by the following simultaneous effects: 
I- The reaction rate constant increases exponentially with temperature. 
II- The mass transfer coefficient increases with increasing temperature. 
III- The number of active bubble nucleation sites increases with increasing 
surtface temperature. This causes the fouling process to shift 
from transport 
control to reaction control. 
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IV- The driving concentration difference increases with temperature due to the 
decrease in saturation concentration of calcium carbonate. 
5.5.3 Effect of Bulk Concentration 
Supersaturation is the most significant cause of fouling. When the solubility product 
of Ca2+ and C03"2 ions exceeds its solubility value, calcium carbonate precipitates and 
forms scale. When the removal rate can be ignored, the rate of fouling is usually 
expressed in the following form: 
n= k(Cb_C*) 11 (5-15) 
For diffusion controlled fouling n is equal to one and for reaction-controlled fouling 
n is reported to be equal to 2 [89,74]. Therefore, concentration should have an 
important effect on the fouling process. The effect of calcium carbonate concentration 
at constant bulk and initial surface temperature is shown in Figure 5.8. The results 
show that the bulk concentration can have a strong effect not only on the fouling rates 
but also on the initial delay period. 
5.6 Modelling of Calcium Carbonate Fouling 
The calcium carbonate fouling runs are modelled using the same procedure that was 
used for calcium sulphate. The additive correlation of Chen [42], which has been 
described in detail earlier, is the heart of this model. Therefore, it has again been 
assumed that fouling of the heat transfer surface during subcooled flow boiling is a 
combination of two mechanisms, namely "bubble formation and microlayer 
evaporation" and "forced convection". Consequently the overall fouling rate is written 
as: 
aR 
at 
(PdXd) = NBF .h+ 
(1 -NBF) . 
hfc (5-16) 
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Where NBF is the percentage of boiling which can be calculated from Equation (4- 
26). As the heat flux increases, the number of active nucleation sites increases and 
Equation (5-16) predicts that the fouling caused by the boiling mechanism will 
increase. 
5.6.1 Prediction of h nb 
The reaction controlled scaling rate of calcium carbonate is usually correlated by a 
second order reaction as follows: 
kb = Kl( [Ca++]b, - [Ca++]`)2 
(5-17) 
where [Ca++]bb is the concentration of calcium ions beneath the bubbles and [Ca++]* 
is the saturation concentration of calcium ions at the surface temperature. The 
1 
, 
128 
temperature dependence of the reaction rate constant follows an Arrhenius type 
equation: 
-E 
R Ts 
K1 = K1 0e 
(5-18) 
Electron Scanning Microscopy shows that more than 99% of the deposited calcium 
carbonate found in this investigation was in the form of aragonite the solubility of 
which has been studied in detail by Plummer and Busenberg [92] and by other 
investigators [95,96]. The equilibrium concentration of calcium, [Ca++]*, is given by 
the square root of the solubility product, KSP, of aragonite which is given by the 
following equation [92]: 
log (KSD) =-171 . 977 -0 . 0779 *T+ 
2903 293 
+71.59 *1ogT (5-19) 
T 
where Ksp is in molar units and T is the absolute temperature in degree Kelvin. 
For calculation of the concentration beneath the bubbles the same procedure that was 
used for calcium sulphate is used, i. e. Cbb equals 1.5 times the bulk concentration. 
5.6.2 Prediction of n fc 
Several investigators [89-91,74,82,83] have tried to correlate the fouling rates of 
calcium carbonate during convective, non-boiling heat transfer. In this investigation 
two of these models have been used to predict the convective contribution to the total 
fouling rate. A third method has then been developed to predict the convective part 
by combining diffusion and reaction terms. The agreement between predicted and 
experimental data for the suggested model and for the model based on the Chan and 
Ghassemi [82,83] correlation is satisfactory, but there are considerable deviations 
between experimental and predicted results if Hasson's Ionic Diffusion Model 
[74,89,90] is used for the prediction of the convective part of fouling. 
129 
5.6.3 Chan & Ghassemi Model [82,83] 
This model is based on the solution of the continuity equation. Figure 5.9 shows the 
cross-section of the annular test heater. A constant flow of water with predetermined 
concentration of calcium carbonate is maintained in the gap between the heater rod 
and the outer tube. The heater rod is heated with a constant heat flux and calcium 
carbonate deposition occurs on the surface of the heater rod. The continuity equation 
for a multicomponent system with constant diffusivity and density becomes: 
3Ci c 
+(v. VC. ) =Dieff. V2 Ci+RA 
0 
Tbulk 
'C 
vZ(r) 
D1/2=KR 
r 
Figure 5.9 Geometry of the annular test section 
(5-20) 
} 
F 
At steady state and when there is no reaction in the bulk of the solution this equation 
reduces to: 
v. VC1 = Duff V2 Ci (5-21) 
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and if cylindrical coordinates are used: 
v 
a_l +v1 
act acl + =is D 
aci r a2 C. 1 + 
a2 Cl 
r ar er aZ Z 1 eff rar ar r2 302 aZ 2 
(5-22) 
In this study and with the above-mentioned geometry, only v, (r), has to be considered, 
i. e. yr and ve are zero. We can also assume that there is no significant amount of 
diffusive mass flux in comparison to bulk convection in z direction due to the low 
concentration of the solution. Consequently Equation (5-22) reduces to: 
Vz (r) 
8C" 
= Dj [Zacr aCI) ] (5-23) az eff rar ar 
This equation is to be solved for the following boundary conditions: 
®r =kR Di 
aCr 
= K1( [ Ca a 
+2 ]b-[ Ca +2 ] *) 2 (5-24) 8. r 
r=R 
ac (5-25) =0 ý 
(3r 
z=0 ci = C° (5-26) 
Where kR is the heater rod radius. For a fully developed profile (vz vz(r)), the mean 
turbulent velocity distribution in annuli can be approximated by: 
V _V _1 
To 12-k2) 2 In (1 -k) R 
Z, max _z kl pk r-kR 
for r< AR (5-27) 
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I 
vZ ;. zz -vz= 
1[° (1-1 2) l2 in R-IR 
kl p R-r 
acccording to Bird et al., [86], where 
1X2 1-k 
21n(k) 
for r> XR (5-28) 
(5-29) 
The shear stress at the wall, co, can be obtained if the friction factor for the inner wall 
is known. This factor, fl, has for annuli been correlated with the Reynolds number by 
Perry et al. [97] as: 
fl = f2 
(X2 -2k 
2) 
(5-30) 
k(1 -, X2) 
where f2, the outer wall friction factor, is: 
0.0791 f2 -1 (5-31) 
[Ref(1 -X2) ]4 
Then the wall shear stress may be calculated using: 
zo= fl p< Vz> 2 (5-32) 
A FORTRAN program was written to solve Equation (5-22) based on a finite 
difference method for appropriate boundary conditions. The convective contribution 
of the fouling rate in this model, n fc, was calculated using the solution of equation 
(5-22) as follows: 
= Di (ac l) (5-33) fc eff ar 
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A grid of 150 steps in r and 100 steps in z direction was used for the numerical 
computation and the numerical error is estimated to be less than 0.5 percent. 
The fouling rate was calculated using equations (5-17) and (5-33) in conjunction with 
equation (5-16). The results of the comparison of the predicted fouling rates with the 
experimental data are shown in Figure 5.10. The average absolute error of 44% shows 
that this model can be used for preliminary prediction purposes. 
5.6.4 Hasson's Ionic Diffusion Model [89,90,74] 
Hasson et al. [89,90,74] developed a model for predicting calcium carbonate scaling 
rates, which is based on diffusion of calcium and carbonate ions from the bulk of the 
liquid followed by crystallization of CaCO3 on the heat transfer surface. The 
deposition rate is given by: 
A=Kr ([Ca++] 1 [CO3 ]1 -Ksp) 
(5-34) 
The concentrations of calcium and carbonate at the interface are eliminated using the 
mass transfer expressions: 
h=ß( [Ca++] - [Ca++] i) =ß( [CO2 ]- [CO2] i) =0.5ß ( [HCO3 ]- [HCO3 ] i) 
where bracketed parameters are bulk concentrations. After elimination of the interface 
concentrations and some mathematical manipulation, the deposition rate at low pH ( 
pH<8.5 as is the case in this investigation) is found by solution of the following 
equation: 
Kl (K +Ksp) ( +y) = 4K2x2 (1 - 
aX) 
(2-a)2 (5-36) 
ra 
where x=[Ca++], y=[C02], and z=[HCO3-] and K1 and K2 are the first and second 
133 
dissociation constants of CO2. If [Ca++]»[C03--] this equation reduces to: 
nfc 
0.5ßxb( (1 + 
a 
4a(-; ) 
2 
_1) b2 (5-37) 
with 
4 K2 Krx (5-38) 
Ki ß 
b_y+ 4K2Krz + 
KspKr (5-39) 
x K1ß ßx 
2 
c= 
K2 Kr Z- K9pKr3' (5-40) 
Klßx fx2 
The mass transfer coefficient f was calculated using a Dittus-Boelter type of equation 
[98]: 
ß=0.023Reo. 85Sc0.23 D 
deq (5-41) 
Finally the fouling rate in this model is calculated using Equations (5-37) to (5-41) in 
conjunction with Equations (5-16) and (5-17). If pH, T. A. and [Ca++] are known, 
variables a, b and c in Equation (5-37) can be determined to find the fouling rate. 
Removal is not considered in this model. A QUICKBASIC program was written to 
calculate the fouling rates according to this model. Figure 5.10 shows that there are 
considerable differences between the prediction of this model and the experimental 
data. It must be mentioned that the prediction of this model is very sensitive to the 
T. A. measurements. There is a certain possibility that some errors have been 
encountered during the experiments in the measurement of T. A. and that this is the 
cause of the discrepancy between experimental and predicted results. Another 
possibility is that since the measured fouling rates during these experiments were 
higher than 10-6 m2KkJ"1, the agreement between experimental and predicted fouling 
rates for this model is not good, as mentioned in [99]. 
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5.6.5 Proposed Model 
The deposition of calcium carbonate on the heat transfer surface during convective 
heat transfer condition takes place by a two-step mechanism. Due to the concentration 
gradient, Ca" and HC03- will be transported from the bulk of the liquid to the heated 
surface. At the liquid-solid interface (and in the bulk), HC03" undergoes the following 
equilibrium reaction [741: 
2 HCO3 H2 0+ C02 (aq) + CO3 
(5-42) 
The CO2 formed from this reaction is transported through the liquid and desorbed at 
the liquid-gas interface. The C03"2 species produced in the same reaction reacts with 
Ca", which has been transported to the surface, to form CaCO3(s), 
Ca" + CO3-- "* CaCO3 (s) 
(5-43) 
This completes the precipitation of CaCO3 scale on the heat transfer surface. Reactions 
in Equations (5-42) and (5-43) are sometimes combined in the following form [89]: 
Ca ++ +2 HCO3 - -- Ca CO3 (9) + CO2 (g) +H2 0 
(5-44) 
Consequently the above mentioned steps can be summarized into two steps. In the first 
step calcium and bicarbonate ions are transported to the heat transfer surface by 
diffusion through the boundary layer which is formed between the scale and the 
solution, according to the following equation: 
hfc= 3(Cb-ci) (5-45) 
In the second step the ions transported to the surface will react to form the solid phase 
of calcium carbonate. This surface reaction can be described by : 
1'1fß=K1(Ci-C*)a (5-46) 
In these equations, C, C* and C; are the bulk, saturation and interface concentrations 
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of calcium ions respectively and K1 is the reaction rate constant defined in Equation 
(5-18). By the combination of Equations (5-45) and (5-46) and elimination of the 
interface concentration, the deposition rate for the forced convective part becomes: 
A fc =ß2[K]+ (Cb -C ýý -4[ K1 ]2+[K] (gib - C. 
(5-47) 
11 
Therefore, the overall fouling rate during subcooled flow boiling can be calculated 
using Equation (5-47) in conjunction with Equations (5-16) to (5-18). 
The reaction rate constant and the activation energy in Equation (5-18) are obtained 
from nonlinear regression analysis of the experimental data. The results of this analysis 
are summarized in Table 5.2. The values of 2705 kg/m3 and 1.942 W/(m. K) are used 
respectively for density and thermal conductivity of calcium carbonate deposits, and 
are the average values presented in [89,91]. The mass transfer coefficients used in 
these calculations are predicted by using the Dittus-Boelter type equation as given by 
Equation (5-41). 
The mass diffusivities of Ca" and HC03" were calculated based on the procedure 
proposed in reference [100]. The value of 1.14563 E-9 m2/s at 336 K was used in 
these calculations. With this information and the approximate relation [86]: 
DT2 - DTl (T2/Tl) . exp[3.8Tb (1/Tl-1/T2) J (5-48) 
where Tb denotes the boiling temperature of the liquid, the diffusivity is calculated at 
any temperature. The values of mass transfer coefficients calculated for some of the 
fouling runs are presented in Table 5.3. 
Table 5.2 Parameters and physical properties used in this investigation 
K1 
,0 
m4/kg. s 
E 
J/mole 
%1, 
d 
W/m. K 
Pd 
kg/m3 
9.8x 1011 122150 1.942 2705 
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Table 5.3 Operating Conditions in Some of the Fouling Experiments 
Run ID Surface Temp. 
°C 
Bulk Conc. 
mole/l 
Velocity 
cm/s 
NBF (3.105 
m/s 
17-1 111 . 0064 70 0.13 11.03 
17-2 111.8 . 0069 100 0.089 15.09 
17-3 110.4 . 0069 120 0.055 17.31 
17-4 110 . 0072 160 0.006 21.99 
17-5 109.16 . 0069 140 0.015 19.42 
17-6 112.25 . 0068 90 0.055 13.88 
17-7 112.4 . 0065 90 0.09 13.91 
17-9 119 . 0054 90 0.164 15.10 
17-10 113.12 . 0069 120 0.042 17.92 
17-11 111 . 004 120 0.049 17.44 
17-12 111.1 . 0037 100 0.089 14.96 
18-2 110 . 0069 90 0.125 13.48 
18-4 111.6 . 0072 70 0.071 11.12 
18-6 113.18 . 0068 140 0.041 20.45 
18-7 110.14 . 0065 140 0.019 19.67 
18-8 107 . 0071 140 0.002 18.88 
18-9 114 . 0054 140 0.043 20.66 
18-10 116 . 0069 140 
0.053 21.19 
18-11 109.4 . 004 
70 0.06 10.81 
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5.7 Comparison with experimental data 
A comparison between the predictions of the three above-mentioned models with 
experimental data for two different fouling runs is shown in Figures 5.10 and 5.11. 
The experimental data are in good agreement with the predictions of the model 
suggested in this study with the model developed by Chan and Ghassemi [82,83] for 
prediction of the forced convective part of the fouling rate. However, there are 
considerable differences between experimental data and predictions of Hasson's ionic 
diffusion model [89,90,74] for the forced convective part of the fouling rate. Actually 
the base of the derivation of the three above-mentioned models is the same, i. e. a 
combination of ion diffusion and chemical reaction. The major difference between the 
second model (the one which uses Hasson's ionic diffusion model for prediction of 
the forced convective part of fouling) and the other two is that the diffusion of two 
species, i. e. Ca++ and CO3"" is considered, and that the inter-dependency of the two 
species through T. A. causes the model to be very sensitive to T. A. Accurate prediction 
with this model needs accurate values of T. A. and of the diffusivities of the species. 
It must be mentioned that during each calcium carbonate fouling run the T. A. of the 
solution was not constant and average values were used for prediction purposes in the 
second model. In the two other models only the concentration of Ca' is considered 
making the model more convenient. The applicability of the proposed model for the 
prediction of calcium carbonate fouling rates in subcooled flow boiling is 
demonstrated in Figure 5.12 where experimental data obtained under various 
operational conditions are compared with values obtained from this model. The 
average absolute error of 22% between the predictions and experimental data 
illustrates the applicability of the suggested model. 
5.8 Conclusions 
Twenty two calcium carbonate fouling runs have been performed during subcooled 
flow boiling in a vertical annulus. The effects of flow velocity, surface temperature 
and bulk concentration on the fouling rates have been studied systematically. For the 
investigated range of flow velocity, an almost linear increase in fouling resistance with 
time has been observed except during the initial period of experiments. 
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Figure 5.12 Measured and predicted fouling rates for three models 
Similar to the calcium sulphate fouling runs, the results illustrate that at lower fluid 
velocities the fouling rate is more affected by molecular diffusion while for higher 
velocities, chemical reaction has a more controlling effect. 
The calcium carbonate fouling runs are modelled using the same procedure that was 
already used for the calcium sulphate, including transport and reaction mechanisms of 
scale formation, as well as concentration effects under the growing bubbles. In this 
model the same activation energy and reaction rate constant have been used for 
crystallization in the presence and absence of bubbles. The predicted fouling rates are 
compared with the experimental data and the quantitative agreement is good. 
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6. RECOMMENDATIONS FOR FUTURE WORKS 
It seems that the results of the fouling runs obtained in this work can be used to study 
the effect of operating parameters on the initial delay times. A model may be 
developed to predict the initial delay time for fouling of calcium sulphate and calcium 
carbonate as a function of operating parameters. 
It is recommended to do some experiments with higher NBF values to investigate the 
effect of higher boiling percentage on the fouling rates. 
It is recommended to investigate the effect of presence of suspended particles on the 
rate of fouling and the shape of fouling resistance-time curves. 
Knowledge of the effect of operating parameters such as fluid velocity and heat 
transfer surface temperature could be used to investigate the optimum fouling 
mitigation strategies for calcium sulphate and calcium carbonate fouling during 
subcooled flow boiling. It is recommended that a study of this kind be undertaken for 
the test rig. 
The experiments performed in this study can be repeated for the saturated boiling 
conditions to study the effect of subcooling on the fouling phenomenon. 
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8. NOMENCLATURE 
a thermal diffusivity, m2/s 
A area, m2 
Bd Bond number 
Bo Boiling number 
NBF nucleate boiling fraction 
C concentration, kg/m3 
CP specific heat capacity, J/kg. K 
d diameter, m 
D diffusivity, m2/s 
E activation energy, J/mole 
f friction factor 
f frequency, s-1 
F Chen model correction function 
Gr Grashof number 
g acceleration due to gravity, m/s2 
I ionic strength, mole/1 
K specific reaction rate constant 
m mass, Kg 
Nu Nusselt number 
n rate of mass deposited, kg/m2. s 
Ph phase change number 
pr reduced pressure 
Pr Prandtl number 
Pe Peclet number 
q heat flux, W/m2 
R universal gas constant 
R radius ratio for annulus 
Re Reynolds number 
Rf fouling resistance, m2K/W 
RP surface roughness, m 
S Chen model correction factor 
s distance between thermocouple location and 
heat transfer surface, m 
Sc Schmidt number 
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T temperature, K 
t time, s 
tdelay delay time, s 
U overall heat transfer coefficient, W/m2. K 
V fluid velocity, m/s 
W mass of foulant deposited, kg 
We Weber number 
X thickness, m 
x vapour quality 
Xtt Martinelli parameter 
Greek symbols 
a heat transfer coefficient, W/m2. K 
mass transfer coefficient, m/s 
contact angle, degree 
concentration effect in equation (4-33) 
Ohv latent heat of evaporation, J/kg 
x thermal conductivity, W/m. K 
µ dynamic viscosity, kg/m. s 
p density, kg/m3 
a surface tension, N/rn 
ti shear stress, N/m2 
Subscripts-Superscripts 
b bubble 
b bulk 
c convective 
c clean 
cp constant property 
cb convective boiling 
d deposit 
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f fouled 
fb flow boiling 
fc forced convective 
i inside 
if interphase 
1 liquid 
Lo liquid only 
m metal 
nb nucleate boiling 
o outside 
p particle 
pb pool boiling 
r removal 
r reaction 
S surface 
sat saturation 
tp two phase 
TC thermocouple 
v vapour 
w wall 
0 standard condition 
* saturation 
154 
APPENDIX 1 
Clean Heat Transfer Coefficients Data Bank 
1.1 Subcooled Flow Boiling Data Bank 
The data shown below comprises all the clean heat transfer coefficients measured for 
different electrolyte solutions under subcooled flow boiling condition. 
SALT Conc. Vav q Tb P aexp acalc 
g/1 cm/s kW/m2 °C bar W/m2K W/m2K 
NaCl 26.62 299.70 308.294 70.06 1.51 15637.8 20648.0 
NaCl 26.62 299.88 286.240 69.59 1.51 15585.4 20556.6 
NaCl 26.62 300.21 261.478 70.06 1.51 15485.4 20591.9 
NaCl 26.62 299.69 229.322 71.02 1.51 15400.0 20630.0 
NaCl 26.62 300.28 206.184 70.15 1.51 15358.5 20500.7 
NaCl 26.62 299.42 174.475 69.03 1.51 15036.6 20233.6 
NaCl 26.62 300.23 145.687 69.00 1.51 14946.3 20212.1 
NaCl 26.62 300.26 116.652 69.84 1.51 14853.7 20268.0 
NaCl 26.62 300.37 84.897 70.84 1.51 14823.2 20343.1 
NaCl 26.62 299.96 54.537 71.74 1.51 14740.2 20376.6 
NaCl 26.65 300.10 36.303 71.57 1.51 14948.8 20318.4 
NaCl 26.62 300.12 20.603 69.81 1.51 14692.3 20037.2 
NaCl 26.62 250.60 310.400 70.32 1.51 14237.8 17909.2 
NaCl 26.62 250.38 286.756 70.61 1.51 14197.6 17891.3 
NaCl 26.62 250.48 258.340 70.37 1.51 14086.6 17822.1 
NaCl 26.62 250.99 232.368 70.23 1.51 14031.7 17788.6 
NaCl 26.62 250.33 203.103 69.77 1.51 13832.9 17641.7 
NaCl 26.62 250.82 169.657 69.34 1.51 13697.6 17551.2 
NaCl 26.62 250.46 142.853 68.91 1.51 13496.3 17422.4 
NaCl 26.62 250.49 116.562 69.47 1.51 13478.0 17435.5 
NaCl 26.62 250.27 82.660 70.19 1.51 13497.6 17435.9 
Al-1 
SALT Conc. Vav q Tb P aexp acalc 
g/1 cm/s kW/m2 °C bar W/m2K W/m2K 
NaCl 26.62 250.13 56.235 70.79 1.51 13561.0 17441.3 
NaCl 26.62 250.38 33.498 70.58 1.51 13558.5 17378.2 
NaCl 26.62 250.76 14.334 69.79 1.51 13891.5 17257.8 
NaCl 26.62 199.52 318.745 70.08 1.30 12447.6 14907.0 
NaCl 26.62 199.29 284.829 71.26 1.30 12334.2 14954.8 
NaCl 26.62 199.38 260.503 70.22 1.30 12311.0 14829.8 
NaCl 26.62 199.43 230.762 69.65 1.30 12104.9 14730.2 
NaCl 26.62 200.07 207.853 70.60 1.30 12001.2 14819.6 
NaCl 26.62 199.40 173.242 68.99 1.30 11922.0 14557.3 
NaCl 26.62 199.95 147.838 68.27 1.30 11828.0 14464.9 
NaCl 26.62 199.99 117.282 68.99 1.30 11768.3 14476.5 
NaCl 26.62 199.91 91.603 69.87 1.30 11812.2 14506.4 
NaCl 26.62 199.27 52.610 70.35 1.30 11686.6 14431.0 
NaCl 26.62 199.87 34.198 69.08 1.30 11524.3 14292.5 
NaCl 26.62 148.31 312.264 69.79 1.20 10148.8 11734.5 
NaCl 26.62 150.08 286.498 68.69 1.20 10097.6 11743.7 
NaCl 26.62 149.85 256.057 68.58 1.20 10001.2 11683.9 
NaCl 26.62 149.87 226.202 69.48 1.20 9968.3 11710.6 
NaCl 26.62 149.87 199.633 70.39 1.20 9953.7 11738.6 
NaCl 26.62 149.66 171.240 69.96 1.20 9841.5 11645.2 
NaCl 26.62 149.93 141.947 69.53 1.20 9775.6 11573.8 
NaCl 26.62 149.89 115.143 69.30 1.20 9689.0 11499.4 
NaCl 26.62 149.71 85.861 69.62 1.20 9619.5 11452.9 
NaCl 26.62 149.96 33.257 69.87 1.20 6729.3 11371.8 
NaCl 39.93 250.07 312.895 70.89 1.30 14120.7 17574.9 
NaCl 39.93 250.43 285.494 71.06 1.30 14056.1 17571.5 
NaCl 39.93 250.08 256.327 70.18 1.30 13908.5 17407.3 
NaCl 39.93 250.73 231.089 69.17 1.30 13732.9 17283.7 
NaCl 39.93 250.62 197.000 69.45 1.30 13347.6 17244.2 
NaCl 39.93 250.21 178.789 70.13 1.30 13595.1 17263.7 
NaCl 39.93 250.07 140.788 70.87 1.30 13480.5 17263.9 
NaCl 39.93 250.07 110.755 70.95 1.30 13440.2 17209.9 
NaCl 39.93 250.76 108.110 69.85 1.30 13184.2 17113.8 
NaCl 39.93 250.40 50.086 68.75 1.30 12959.8 16831.0 
Al-2 
SALT Conc. Vav q Tb p aexp acalc 
g/l cm/s kW/m2 °C bar W/m2K W/m2K 
NaCl 39.93 250.53 35.293 68.87 1.30 12825.6 16818.3 
NaCl 39.93 251.12 12.648 69.38 1.30 13132.9 16859.7 
NaCl 39.93 199.72 313.681 71.18 1.30 12367.1 14702.7 
NaCl 39.93 199.51 281.559 71.23 1.30 12250.0 14654.4 
NaCl 39.93 199.84 259.562 69.93 1.30 12172.0 14525.8 
NaCl 39.93 200.32 233.532 68.38 1.30 12014.6 14365.2 
NaCl 39.93 200.15 200.872 68.04 1.30 11887.8 14262.8 
NaCl 39.93 200.04 171.757 69.06 1.30 11851.2 14300.1 
NaCl 39.93 200.14 142.113 70.31 1.30 11791.5 14368.7 
NaCl 39.93 199.57 117.879 71.43 1.30 11795.1 14394.6 
NaCl 39.93 199.77 88.328 71.73 1.30 11707.3 14373.6 
NaCl 39.93 200.25 50.195 70.19 1.30 11511.0 14165.6 
NaCl 39.93 200.25 30.991 69.52 1.30 11306.1 14053.8 
NaCl 39.93 150.77 307.807 70.22 1.20 10102.4 11673.4 
NaCl 39.93 150.39 288.224 70.22 1.20 10065.8 11633.0 
NaCl 39.93 150.49 261.409 70.31 1.20 9985.4 11617.3 
NaCl 39.93 150.50 233.745 70.49 1.20 9981.7 11596.4 
NaCl 39.93 150.16 202.954 70.60 1.20 9919.5 11539.6 
NaCl 39.93 150.38 171.785 70.44 1.20 9872.0 11490.6 
NaCl 39.93 150.12 144.511 70.35 1.20 9769.5 11419.2 
NaCl 39.93 149.91 116.061 70.31 1.20 9707.3 11348.4 
NaCl 39.93 149.66 86.710 70.31 1.20 9650.0 11272.8 
NaCl 39.93 149.62 51.790 70.32 1.20 9565.9 11195.2 
NaCl 39.93 149.70 32.505 70.40 1.20 9584.2 11162.8 
NaCl 53.23 253.84 285.110 70.27 1.48 13711.0 17378.2 
NaCl 53.23 250.08 231.295 68.93 1.48 13331.7 16930.1 
NaCl 53.23 250.36 196.553 68.33 1.48 13146.3 16809.3 
NaCl 53.23 250.15 168.458 67.98 1.48 13054.9 16699.6 
NaCl 53.23 250.06 140.341 67.93 1.48 12851.2 16628.9 
NaCl 53.23 249.79 113.904 68.52 1.48 12922.0 16626.0 
NaCl 53.23 248.75 88.104 69.18 1.48 12928.0 16589.7 
NaCl 53.23 253.11 52.489 69.71 1.48 13006.1 16808.6 
NaCl 53.23 199.32 312.648 70.90 1.20 11967.1 14408.2 
NaCl 53.23 199.42 289.521 70.55 1.20 11902.4 14355.7 
Al-3 
SALT Conc. Vav q Tb P aexp acalc 
g/1 cm/s kW/m2 °C bar W/m2K W/m2K 
NaCl 53.23 199.70 258.616 69.90 1.20 11813.4 14270.6 
NaCl 53.23 199.85 230.951 69.39 1.20 11696.3 14188.3 
NaCl 53.23 199.74 199.874 69.26 1.20 11580.5 14115.2 
NaCl 53.23 199.68 176.380 69.44 1.20 11550.0 14084.8 
NaCl 53.23 199.56 146.748 69.68 1.20 11447.6 14042.6 
NaCl 53.23 199.52 116.852 69.87 1.20 11367.1 13997.1 
NaCl 53.23 199.49 53.023 70.09 1.20 11264.6 13877.3 
NaCl 53.23 199.64 28.869 69.53 1.20 11324.4 13774.8 
NaCl 53.23 149.55 286.997 70.47 1.20 9648.8 11403.3 
NaCl 53.23 149.43 267.954 70.82 1.20 9631.7 11400.9 
NaCl 53.23 146.76 228.410 70.97 1.20 9443.9 11203.9 
NaCl 53.23 149.77 168.372 69.75 1.20 9369.5 11206.2 
NaCl 53.23 149.79 147.195 68.98 1.20 9275.6 11110.4 
NaCl 53.23 150.26 116.451 68.67 1.20 9239.0 11053.1 
NaCl 53.23 149.59 83.188 68.49 1.20 9145.1 10929.0 
NaCl 53.23 149.51 29.993 68.87 1.20 9114.6 10834.5 
NaCl 70.00 251.52 311.122 70.47 1.27 13615.8 17046.7 
NaCl 70.00 249.16 265.504 70.05 1.27 13472.0 16802.5 
NaCl 70.00 249.30 235.012 70.08 1.27 13369.5 16760.4 
NaCl 70.00 248.87 200.872 70.61 1.27 13354.9 16732.0 
NaCl 70.00 250.53 173.592 70.03 1.27 13237.8 16704.7 
NaCl 70.00 250.09 115.263 69.83 1.27 13192.7 16537.0 
NaCl 70.00 250.68 78.909 69.21 1.27 13058.5 16416.7 
NaCl 70.00 250.06 53.252 69.17 1.27 13351.2 16320.4 
NaCl 70.00 201.30 315.441 68.10 1.26 11828.0 14063.0 
NaCl 70.00 201.25 260.468 69.22 1.26 11746.3 14081.0 
NaCl 70.00 200.74 232.104 70.42 1.26 11720.7 14115.3 
NaCl 70.00 200.63 202.054 71.07 1.26 11645.1 14117.4 
NaCl 70.00 200.78 169.158 71.02 1.26 11512.2 14062.5 
NaCl 70.00 201.33 140.324 69.29 1.26 11386.6 13874.1 
NaCl 70.00 201.74 107.405 68.09 1.26 11134.2 13709.9 
NaCl 70.00 201.70 83.997 68.07 1.26 11108.5 13653.8 
NaCl 70.00 201.77 55.357 68.27 1.26 10912.2 13612.5 
NaCl 70.00 201.23 34.438 69.04 1.26 11063.4 13611.2 
Al-4 
SALT Conc. Vav q Tb p aexp acalc 
g/l cm/s kW/m2 °C bar W/m2K W/m2K 
NaCl 70.00 150.47 315.826 70.01 1.20 9684.1 11275.6 
NaCl 70.00 150.65 291.511 69.82 1.20 9675.6 11255.7 
NaCl 70.00 150.38 261.403 69.98 1.20 9603.7 11220.5 
NaCl 70.00 150.24 226.655 70.27 1.20 9550.0 11189.6 
NaCl 70.00 150.43 199.794 69.89 1.20 9463.4 11135.2 
NaCl 70.00 150.56 172.083 69.58 1.20 9376.8 11074.8 
NaCl 70.00 150.27 142.113 69.67 1.20 9312.2 11010.3 
NaCl 70.00 150.13 115.395 69.72 1.20 9237.8 10953.8 
NaCl 70.00 150.00 83.504 69.81 1.20 9215.9 10887.0 
NaCl 70.00 149.89 54.979 69.77 1.20 9186.6 10815.1 
NaCl 70.00 150.24 30.859 69.79 1.20 9356.1 10782.2 
NaCl 26.62 60.09 333.395 90.73 1.10 13023.2 12195.0 
NaCl 26.62 59.91 288.890 91.12 1.10 12159.8 11083.5 
NaCl 26.62 59.78 260.285 90.94 1.10 11189.0 10200.9 
NaCl 26.62 59.89 230.596 91.71 1.10 10878.0 9594.4 
NaCl 26.62 60.34 200.912 88.40 1.10 8536.6 7878.1 
NaCl 26.62 59.93 166.434 89.08 1.10 7734.1 7146.5 
NaCl 26.62 59.76 146.128 89.69 1.10 7479.3 6778.0 
NaCl 26.62 60.03 112.149 90.15 1.10 6882.9 6260.4 
NaCl 26.62 59.71 80.607 90.52 1.10 6148.8 6125.2 
NaCl 26.62 59.53 53.499 90.78 1.10 5717.1 6106.9 
NaCl 26.62 59.71 32.402 91.14 1.10 5735.4 6112.9 
NaCl 26.62 59.35 11.942 91.41 1.10 5881.7 6068.4 
NaCl 26.62 99.87 315.470 91.65 1.10 12437.8 12655.2 
NaCl 26.62 99.89 284.278 91.32 1.10 11659.8 11753.2 
NaCl 26.62 99.21 251.842 89.84 1.10 10325.6 10540.2 
NaCl 26.62 99.38 235.196 89.23 1.10 9828.0 10061.3 
NaCl 26.62 98.61 196.559 89.03 1.10 9124.4 9379.4 
NaCl 26.62 102.10 177.349 89.21 1.10 9041.5 9441.6 
NaCl 26.62 97.35 137.679 89.64 1.10 8407.3 9020.3 
NaCl 26.62 100.28 111.025 89.96 1.10 8096.3 9239.7 
NaCl 26.62 100.62 86.871 89.16 1.10 7935.4 9235.3 
NaCl 26.62 100.46 57.939 89.17 1.10 7996.3 9202.0 
NaCl 26.62 100.43 39.199 89.43 1.10 8002.4 9188.8 
Al-5 
SALT Conc. Vav q Tb P aexp acalc 
g/l cm/s kW/m2 °C bar W/m2K W/m2K 
NaCl 26.62 100.31 15.693 89.58 1.10 8114.6 9156.5 
NaCl 26.62 149.83 315.097 91.03 1.11 12413.4 13845.3 
NaCl 26.62 149.99 292.635 90.82 1.11 12026.8 13464.9 
NaCl 26.62 150.47 261.501 90.68 1.11 11608.5 13114.3 
NaCl 26.62 150.30 234.748 90.10 1.11 11256.1 12877.1 
NaCl 26.62 150.29 199.352 89.37 1.11 10775.6 12787.2 
NaCl 26.62 150.50 174.315 88.90 1.11 10634.2 12786.4 
NaCl 26.62 150.53 140.628 88.51 1.11 10468.3 12765.0 
NaCl 26.62 150.54 112.556 88.77 1.11 10375.6 12758.5 
NaCl 26.62 150.35 83.005 89.22 1.11 10385.4 12739.4 
NaCl 26.62 150.34 53.470 89.44 1.11 10120.7 12718.4 
NaCl 26.62 150.11 32.959 89.80 1.11 10204.9 12694.0 
NaCl 26.62 150.20 17.931 89.94 1.11 9693.9 12687.2 
NaCl 26.62 199.43 312.734 90.73 1.13 13584.2 16254.6 
NaCl 26.62 200.27 283.550 90.58 1.13 13445.1 16214.0 
NaCl 26.62 200.42 261.059 90.20 1.13 13347.6 16184.7 
NaCl 26.62 200.18 227.097 89.87 1.13 13272.0 16153.9 
NaCl 26.62 200.48 196.002 89.55 1.13 13141.5 16159.2 
NaCl 26.62 201.04 169.284 89.30 1.13 13043.9 16176.8 
NaCl 26.62 200.83 142.245 89.06 1.13 12896.3 16138.0 
NaCl 26.62 200.81 115.097 88.82 1.13 12851.2 16105.3 
NaCl 26.62 200.68 82.356 88.73 1.13 12306.1 16061.1 
NaCl 26.62 200.34 53.711 89.35 1.13 12684.2 16039.0 
NaCl 26.62 200.02 32.029 89.79 1.13 12763.4 16014.5 
NaCl 26.62 200.04 11.472 89.99 1.13 13185.4 15999.5 
NaCl 26.62 249.64 312.820 91.63 1.33 15302.4 19389.0 
NaCl 26.62 248.89 284.123 91.54 1.33 15243.9 19348.8 
NaCl 26.62 251.31 256.683 90.40 1.33 15173.2 19470.4 
NaCl 26.62 250.06 231.204 89.52 1.33 14950.0 19352.9 
NaCl 26.62 250.37 199.759 88.97 1.33 14802.4 19335.1 
NaCl 26.62 251.00 174.556 89.05 1.33 14729.3 19364.4 
NaCl 26.62 250.84 146.249 89.31 1.33 14686.6 19348.2 
NaCl 26.62 250.50 113.784 89.47 1.33 14503.7 19308.5 
NaCl 26.62 249.62 83.968 89.57 1.33 14381.7 19229.7 
Al-6 
SALT Conc. Vav q Tb P aexp acalc 
g/l cm/s kW/m2 °C bar W/m2K \V/m2K 
NaCl 26.62 249.98 52.071 89.67 1.33 14528.0 19222.3 
NaCl 26.62 250.52 36.681 89.65 1.33 14365.8 19236.0 
NaCl 26.62 250.79 17.426 89.64 1.33 16079.7 19227.0 
NaCl 39.93 100.86 321.963 91.12 1.12 12481.7 12378.5 
NaCl 39.93 101.00 288.156 90.15 1.12 11004.9 11253.6 
NaCl 39.93 99.50 255.925 88.97 1.12 9857.3 10189.7 
NaCl 39.93 100.41 228.858 89.07 1.12 9495.1 9731.3 
NaCl 39.93 100.71 200.597 89.10 1.12 9070.7 9336.2 
NaCl 39.93 100.47 170.994 89.91 1.12 8858.5 9145.0 
NaCl 39.93 99.94 142.239 90.24 1.12 8387.8 9034.6 
NaCl 39.93 98.76 113.778 90.57 1.12 7982.9 8949.3 
NaCl 39.93 99.62 83.836 89.65 1.12 7808.5 8981.9 
NaCl 39.93 100.35 54.118 88.53 1.12 7800.0 8980.4 
NaCl 39.93 100.43 32.058 87.95 1.12 7650.0 8942.3 
NaCl 39.93 60.09 317.260 91.05 1.10 12309.8 11795.8 
NaCl 39.93 59.98 284.536 90.29 1.10 10929.3 10603.2 
NaCl 39.93 60.16 255.467 90.16 1.10 10090.2 9752.5 
NaCl 39.93 60.27 233.383 89.82 1.10 9328.0 9040.4 
NaCl 39.93 60.30 196.954 89.89 1.10 8402.4 8059.3 
NaCl 39.93 60.09 173.024 90.26 1.10 8053.7 7496.3 
NaCl 39.93 60.13 139.360 89.88 1.10 7029.3 6592.3 
NaCl 39.93 60.19 114.638 88.98 1.10 6125.6 6096.7 
NaCl 39.93 60.21 79.821 88.92 1.10 5615.9 6016.8 
NaCl 39.93 60.13 55.736 89.22 1.10 5575.6 6005.0 
NaCl 39.93 59.87 28.054 89.46 1.10 5672.0 5965.4 
NaCl 53.23 99.60 291.781 90.86 1.14 10920.7 11296.2 
NaCl 53.23 99.30 255.363 89.81 1.14 9646.3 10171.6 
NaCl 53.23 99.38 230.710 88.36 1.14 8814.6 9398.8 
NaCl 53.23 99.89 205.323 87.69 1.14 8298.8 8998.3 
NaCl 53.23 99.47 173.345 87.67 1.14 7919.5 8805.1 
NaCl 53.23 99.40 146.329 87.92 1.14 7775.6 8791.3 
NaCl 53.23 99.21 118.814 88.40 1.14 7720.7 8785.9 
NaCl 53.23 99.35 89.429 88.89 1.14 7663.4 8796.0 
NaCl 53.23 98.94 53.556 89.43 1.14 7668.3 8755.1 
Al-7 
SALT Conc. Vav q Tb P aexp acalc 
g/1 cm/s kW/m2 °C bar W/m2K W/m2K 
NaCl 53.23 61.06 323.346 90.65 1.10 11467.1 11762.9 
NaCl 53.23 59.77 286.544 90.48 1.10 10529.3 10661.5 
NaCl 53.23 60.03 262.080 91.32 1.10 10351.2 10254.4 
NaCl 53.23 60.18 225.525 90.41 1.10 9007.3 8929.2 
NaCl 53.23 59.87 200.683 91.08 1.10 8618.3 8405.5 
NaCl 53.23 59.96 172.227 91.12 1.10 7873.2 7610.6 
NaCl 53.23 59.89 141.677 90.56 1.10 6850.0 6683.9 
NaCl 53.23 60.00 122.319 89.94 1.10 6201.2 6189.7 
NaCl 53.23 59.82 87.278 89.42 1.10 5586.6 5894.4 
NaCl 53.23 59.78 51.899 89.08 1.10 5536.6 5873.6 
NaCl 53.23 59.93 29.127 88.72 1.20 5536.6 5857.3 
NaCl 70.00 98.31 315.998 90.62 1.20 10822.0 11291.5 
NaCl 70.00 104.12 289.641 90.61 1.20 10236.6 10823.0 
NaCl 70.00 100.31 258.902 89.99 1.20 9396.3 9922.1 
NaCl 70.00 100.70 235.827 90.85 1.20 9231.7 9672.8 
NaCl 70.00 100.90 195.928 89.81 1.20 8281.7 8949.8 
NaCl 70.00 99.87 172.273 90.51 1.20 8087.8 8790.2 
NaCl 70.00 100.30 144.259 89.55 1.20 7759.8 8753.4 
NaCl 70.00 99.94 118.843 90.15 1.20 7732.9 8740.3 
NaCl 70.00 99.57 78.915 90.60 1.20 7629.3 8713.3 
NaCl 70.00 100.10 55.180 89.63 1.20 7689.0 8710.7 
NaCl 70.00 100.10 31.255 90.06 1.20 7750.0 8699.0 
NaCl 70.00 59.67 319.038 89.86 1.20 10811.0 10564.1 
NaCl 70.00 58.36 288.867 90.81 1.20 10452.4 10048.5 
NaCl 70.00 61.92 262.682 90.67 1.20 9742.7 9361.0 
NaCl 70.00 59.19 232.345 89.96 1.20 8912.2 8339.6 
NaCl 70.00 58.38 199.547 90.72 1.20 8363.4 7645.4 
NaCl 70.00 62.11 174.114 90.77 1.20 7813.4 7098.9 
NaCl 70.00 57.60 137.232 90.38 1.20 6679.3 6058.5 
NaCl 70.00 60.23 115.676 89.96 1.20 6182.9 5883.3 
NaCl 70.00 59.13 78.169 90.37 1.20 5804.9 5766.0 
NaCl 70.00 59.04 53.941 89.77 1.20 5872.0 5742.7 
NaCl 70.00 58.70 29.844 90.19 1.20 6289.0 5705.7 
NaCl 26.62 60.00 309.660 94.16 1.14 13419.5 12555.8 
Al-8 
SALT Conc. Vav q Tb P aexp acalc 
g/l cm/s kW/m2 °C bar W/m2K W/m2K 
NaCl 26.62 60.32 285.494 94.07 1.14 13507.3 11786.5 
NaCl 26.62 59.40 258.128 94.81 1.14 14512.2 11233.4 
NaCl 26.62 59.00 230.699 95.03 1.14 13652.4 10442.8 
NaCl 26.62 59.17 195.974 94.84 1.14 12653.7 9262.0 
NaCl 26.62 58.95 173.041 94.78 1.14 12112.2 8506.2 
NaCl 26.62 58.88 139.096 94.64 1.14 11120.7 7415.7 
NaCl 26.62 59.62 114.214 94.43 1.14 10229.3 6721.0 
NaCl 26.62 60.30 88.936 94.48 1.14 9262.2 6316.4 
NaCl 26.62 59.19 50.212 94.79 1.14 16813.4 6129.1 
NaCl 26.62 58.84 29.586 94.97 1.14 16136.6 6095.7 
NaCl 26.62 59.98 7.480 95.19 1.14 15411.0 6176.1 
NaCl 26.62 100.85 314.713 95.82 1.10 14032.9 14466.1 
NaCl 26.62 100.65 284.869 95.86 1.10 12684.2 13598.3 
NaCl 26.62 101.11 267.856 95.64 1.10 11432.9 13006.5 
NaCl 26.62 101.21 234.863 95.08 1.10 9100.0 11840.0 
NaCl 26.62 100.90 196.226 94.56 1.10 7997.6 10649.1 
NaCl 26.62 101.49 172.382 93.88 1.10 8363.4 9994.4 
NaCl 26.62 100.88 107.009 93.91 1.10 8527.3 9358.1 
NaCl 26.62 100.63 51.101 94.11 1.10 8745.4 9325.4 
NaCl 26.62 99.76 8.954 94.20 1.10 8633.9 9232.5 
NaCl 39.93 61.18 311.707 94.94 1.10 14096.3 13437.4 
NaCl 39.93 61.00 284.141 95.80 1.10 14059.8 12976.3 
NaCl 39.93 59.33 256.878 96.58 1.10 13608.5 12434.6 
NaCl 39.93 58.73 226.454 95.37 1.10 11826.8 10724.9 
NaCl 39.93 62.06 199.237 94.62 1.10 10368.3 9586.2 
NaCl 39.93 59.62 171.676 95.22 1.10 10201.2 8840.6 
NaCl 39.93 59.39 143.782 94.42 1.10 8700.0 7675.8 
NaCl 39.93 59.35 115.269 94.85 1.10 8429.3 6920.1 
NaCl 39.93 59.51 84.112 95.19 1.10 7897.6 6245.9 
NaCl 39.93 59.49 58.019 94.19 1.10 5990.2 6022.1 
NaCl 39.93 59.46 27.963 94.37 1.10 5717.1 6012.8 
NaCl 39.93 100.61 305.174 95.73 1.10 15702.4 14016.7 
NaCl 39.93 100.82 281.840 94.24 1.10 12620.7 12679.5 
NaCl 39.93 100.88 261.971 95.28 1.10 14048.8 12553.1 
Al-9 
SALT Conc. Vav q Tb P aexp acalc 
g/l cm/s kW/m2 °C bar W/m2K W/m2K 
NaCl 39.93 100.51 236.246 96.02 1.10 14285.4 12110.1 
NaCl 39.93 100.94 197.356 94.87 1.10 11275.6 10634.3 
NaCl 39.93 100.65 173.305 95.42 1.10 11901.2 10201.9 
NaCl 39.93 100.04 113.680 95.87 1.10 10393.9 9243.4 
NaCl 39.93 100.10 51.876 94.68 1.10 7985.4 9101.1 
NaCl 39.93 100.59 9.694 93.33 1.10 7367.1 9080.4 
NaCl 53.23 99.27 313.910 95.49 1.14 16102.4 13613.9 
NaCl 53.23 99.59 289.722 95.18 1.14 14054.9 12796.3 
NaCl 53.23 99.38 246.725 95.51 1.14 13658.5 11715.6 
NaCl 53.23 98.86 203.407 95.09 1.14 12080.5 10395.8 
NaCl 53.23 101.41 170.414 95.64 1.14 11785.4 9867.8 
NaCl 53.23 100.31 143.645 94.68 1.14 9848.8 9187.8 
NaCl 53.23 99.88 112.321 95.14 1.14 9379.3 8972.6 
NaCl 53.23 100.42 82.425 94.52 1.14 8057.3 8974.4 
NaCl 53.23 98.68 52.782 94.84 1.14 7878.0 8848.6 
NaCl 53.23 101.01 32.419 95.05 1.14 8026.8 9008.2 
NaCl 53.23 59.94 320.386 95.11 1.12 13257.3 13474.6 
NaCl 53.23 59.71 291.930 94.11 1.12 11703.7 12036.9 
NaCl 53.23 59.58 259.465 94.90 1.12 11387.8 11355.0 
NaCl 53.23 59.35 233.074 95.48 1.12 11025.6 10738.4 
NaCl 53.23 59.08 199.478 96.07 1.12 10340.2 9846.7 
NaCl 53.23 59.15 167.736 94.19 1.12 8186.6 8157.6 
NaCl 53.23 58.29 145.211 94.59 1.12 7882.9 7541.5 
NaCl 53.23 58.52 115.854 94.98 1.12 7525.6 6755.6 
NaCl 53.23 61.54 87.398 95.31 1.12 7254.9 6290.7 
NaCl 53.23 61.61 58.621 94.32 1.12 5901.2 6089.1 
NaCl 53.23 61.50 30.509 94.46 1.12 5756.1 6074.3 
NaCl 70.00 99.36 316.577 96.10 1.20 14995.1 13289.2 
NaCl 70.00 96.68 257.864 95.74 1.20 12397.6 11466.8 
NaCl 70.00 100.88 232.150 96.18 1.20 12041.5 11025.9 
NaCl 70.00 101.38 196.628 94.57 1.20 9401.2 9739.5 
NaCl 70.00 101.18 172.003 93.94 1.20 8539.0 9193.0 
NaCl 70.00 101.42 144.350 94.15 1.20 8359.8 8970.3 
NaCl 70.00 101.24 114.661 94.43 1.20 8064.6 8897.0 
Al-10 
SALT Conc. Vav q Tb P aexp acalc 
g/1 cm/s kW/m2 °C bar W/m2K W/m2K 
NaCl 70.00 101.08 79.230 94.65 1.20 7843.9 8887.6 
NaCl 70.00 101.30 50.298 94.82 1.20 7857.3 8898.9 
NaCl 70.00 101.00 33.234 95.03 1.20 7902.4 8872.9 
NaCl 70.00 58.97 316.766 95.64 1.20 13357.3 12625.3 
NaCl 70.00 58.03 280.848 95.34 1.20 12013.4 11393.0 
NaCl 70.00 61.15 258.002 94.89 1.20 11082.9 10563.8 
NaCl 70.00 59.24 231.112 94.58 1.20 10087.8 9618.7 
NaCl 70.00 58.74 200.167 94.43 1.20 9185.4 8630.2 
NaCl 70.00 62.97 173.552 94.57 1.20 8803.7 7967.2 
NaCl 70.00 59.93 146.828 94.92 1.20 8524.4 7201.7 
NaCl 70.00 59.73 117.374 95.20 1.20 8252.4 6458.1 
NaCl 70.00 58.45 85.133 95.48 1.20 7581.7 5841.6 
NaCl 70.00 62.00 48.962 95.10 1.20 5851.2 6034.5 
NaCl 70.00 59.60 31.909 94.57 1.20 5735.4 5840.1 
KNO3 45.50 150.27 334.640 70.34 1.20 12909.8 10906.2 
KNO3 45.50 150.47 287.766 69.77 1.20 12547.6 10860.3 
KNO3 45.50 150.10 274.648 69.59 1.20 12465.8 10821.1 
KNO3 45.50 149.91 229.041 69.44 1.20 12311.0 10763.4 
KNO3 45.50 150.48 200.545 69.15 1.20 12206.1 10757.0 
KNO3 45.50 150.28 167.741 69.03 1.20 11868.3 10707.0 
KNO3 45.50 150.16 111.076 70.40 1.20 12208.5 10694.0 
KNO3 45.50 150.15 77.923 70.15 1.20 12256.1 10645.3 
KNO3 45.50 150.37 50.189 70.12 1.20 12591.5 10623.8 
KNO3 69.07 200.46 319.715 71.02 1.20 15257.3 13798.8 
KNO3 69.07 200.56 288.179 69.93 1.20 15108.5 13724.5 
KNO3 69.07 200.70 257.864 69.29 1.20 14797.6 13672.0 
KNO3 69.07 201.14 225.858 69.26 1.20 14908.5 13662.5 
KNO3 69.07 199.55 195.796 70.16 1.20 14867.1 13588.3 
KNO3 69.07 199.72 172.869 70.97 1.20 14872.0 13613.1 
KNO3 69.07 198.60 138.339 69.91 1.20 14680.5 13461.0 
KNO3 69.07 201.27 110.635 69.21 1.20 14848.8 13540.5 
KNO3 69.07 201.09 81.261 69.66 1.20 14820.7 13519.1 
KNO3 69.07 200.87 52.461 70.54 1.20 15117.1 13517.9 
KNO3 69.07 150.16 317.862 70.39 1.20 12184.2 10921.3 
Al-11 
SALT Conc. Vav q Tb P aexp acalc 
g/1 cm/s kW/m2 °C bar W/m2K W/m2K 
KNO3 69.07 150.41 283.779 69.53 1.20 11948.8 10876.5 
KNO3 69.07 150.60 248.033 69.83 1.20 11969.5 10867.9 
KNO3 69.07 150.18 195.698 71.19 1.20 11923.2 10847.0 
KNO3 69.07 150.06 142.589 70.59 1.20 11722.0 10762.4 
KNO3 69.07 150.36 112.711 70.27 1.20 11641.5 10734.2 
KNO3 69.07 150.90 77.320 70.69 1.20 11712.2 10742.0 
KNO3 69.07 151.80 50.809 70.15 1.20 11537.8 10740.4 
KNO3 92.08 199.88 326.586 70.70 1.20 15098.8 13844.2 
KNO3 92.08 199.47 285.018 70.44 1.20 14981.7 13772.1 
KNO3 92.08 199.39 252.748 70.51 1.20 14962.2 13740.3 
KNO3 92.08 200.10 206.493 69.88 1.20 14843.9 13702.4 
KNO3 92.08 199.58 182.437 71.13 1.20 14840.2 13709.6 
KNO3 92.08 199.57 139.148 71.80 1.20 14841.5 13695.2 
KNO3 92.08 199.40 110.285 71.99 1.20 14980.5 13662.9 
KNO3 92.08 200.15 82.959 71.29 1.20 15074.4 13638.7 
KNO3 92.08 200.19 56.132 70.40 1.20 15493.9 13564.2 
KNO3 92.08 200.48 29.374 70.24 1.20 17425.6 13539.6 
KNO3 92.08 150.17 327.854 71.14 1.20 12202.4 11025.5 
KNO3 92.08 150.41 289.073 70.82 1.20 12082.9 10998.2 
KNO3 92.08 149.82 255.266 70.84 1.20 11984.2 10936.3 
KNO3 92.08 150.06 201.325 71.00 1.20 11791.5 10906.9 
KNO3 92.08 149.71 165.298 71.14 1.20 11693.9 10856.1 
KNO3 92.08 149.98 134.915 70.48 1.20 11575.6 10813.8 
KNO3 92.08 150.08 88.792 70.05 1.20 11241.5 10750.6 
KNO3 92.08 149.73 64.598 70.90 1.20 11575.6 10736.7 
KNO3 92.08 149.94 44.631 71.40 1.20 11275.6 10745.6 
KNO3 92.08 149.94 21.034 70.80 1.20 11086.6 10692.6 
KNO3 45.50 61.02 315.585 89.56 1.20 13057.3 10507.9 
KNO3 45.50 60.16 283.011 89.84 1.20 12261.0 9724.2 
KNO3 45.50 60.07 233.894 90.59 1.20 11943.9 8606.1 
KNO3 45.50 59.65 199.335 90.06 1.20 10728.0 7531.7 
KNO3 45.50 59.37 166.835 89.64 1.20 9737.8 6591.3 
KNO3 45.50 59.24 117.030 90.49 1.20 9117.1 5616.4 
KNO3 45.50 59.75 94.907 90.92 1.20 8519.5 5460.7 
Al-12 
SALT 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
KNO3 
Conc. Vav q Tb P aexp acalc 
g/l cm/s kW/m2 °C bar W/m2K W/m2K 
45.50 
45.50 
45.50 
45.50 
45.50 
45.50 
45.50 
45.50 
45.50 
45.50 
45.50 
45.50 
45.50 
45.50 
45.50 
45.50 
69.07 
69.07 
69.07 
69.07 
69.07 
69.07 
69.07 
69.07 
69.07 
69.07 
69.07 
69.07 
69.07 
69.07 
69.07 
69.07 
69.07 
69.07 
60.34 
60.19 
150.36 
150.58 
150.90 
150.81 
150.37 
150.86 
150.70 
150.45 
200.64 
200.76 
200.88 
201.13 
199.72 
199.95 
62.40 
58.29 
59.57 
58.99 
58.63 
60.09 
59.73 
59.11 
59.20 
58.45 
60.13 
100.72 
100.93 
100.62 
100.03 
100.41 
100.30 
99.67 
53.539 
36.756 
331.192 
260.933 
230.802 
198.480 
153.642 
113.887 
82.190 
51.124 
323.609 
288.385 
229.988 
167.684 
93.650 
32.494 
311.002 
289.991 
259.120 
226.776 
198.761 
165.768 
139.022 
112.313 
84.479 
59.877 
35.540 
315.929 
289.819 
260.227 
89.10 
88.42 
89.45 
90.65 
89.50 
89.54 
90.50 
89.52 
89.54 
90.36 
89.50 
90.12 
90.36 
89.45 
90.45 
90.18 
89.78 
89.31 
89.35 
89.53 
89.70 
89.56 
89.38 
89.11 
89.48 
89.60 
89.48 
89.03 
88.18 
88.76 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
6947.6 
6896.3 
14630.5 
14230.5 
13512.2 
13173.2 
12972.0 
12620.7 
12704.9 
12787.8 
16350.0 
16197.6 
15991.5 
15635.4 
15390.2 
15057.3 
13243.9 
12395.1 
11635.4 
10823.2 
10113.4 
9167.1 
8702.4 
7904.9 
7146.3 
7356.1 
7493.9 
13543.9 
12358.5 
12261.0 
5445.0 
5410.4 
12515.8 
11756.9 
11466.0 
11422.3 
11403.1 
11380.3 
11346.0 
11326.0 
14557.9 
14480.2 
14444.8 
14401.4 
14293.8 
14245.6 
10428.6 
9696.2 
8914.1 
8099.2 
7391.9 
6549.2 
5901.3 
5453.1 
5407.6 
5337.1 
5435.2 
10859.8 
10057.4 
9556.3 
239.027 90.23 1.20 13180.5 9424.5 
168.131 89.81 1.20 10775.6 8309.7 
115.774 89.29 1.20 9425.6 8223.8 
86.641 89.47 1.20 9422.0 8164.8 
Al-13 
SALT Conc. Vav q Tb P aexp acalc 
g/1 cm/s kW/m2 °C bar W/m2K W/m2K 
KNO3 69.07 99.78 38.465 90.30 1.20 9174.4 8148.6 
KNO3 69.07 150.00 321.734 90.27 1.20 14357.3 12521.6 
KNO3 69.07 150.01 287.737 89.99 1.20 13837.8 11940.3 
KNO3 69.07 150.35 256.946 89.78 1.20 13370.7 11606.8 
KNO3 69.07 150.04 232.884 89.65 1.20 13145.1 11453.8 
KNO3 69.07 150.18 181.140 89.77 1.20 12820.7 11416.8 
KNO3 69.07 149.48 149.203 90.77 1.20 12475.6 11380.4 
KNO3 69.07 149.49 111.019 90.99 1.20 12689.0 11359.5 
KNO3 69.07 149.77 80.108 89.92 1.20 12439.0 11326.1 
KNO3 69.07 150.17 34.955 89.20 1.20 12862.2 11292.2 
KNO3 69.07 150.26 17.529 90.49 1.20 13218.3 11316.3 
KNO3 69.07 200.11 317.313 91.05 1.20 16406.1 14683.9 
KNO3 69.07 200.31 282.035 90.93 1.20 16264.6 14514.9 
KNO3 69.07 201.11 253.293 89.98 1.20 16136.6 14488.7 
KNO3 69.07 201.50 204.629 89.36 1.20 15722.0 14480.9 
KNO3 69.07 200.93 173.730 89.73 1.20 15803.7 14437.6 
KNO3 69.07 201.31 143.886 90.56 1.20 15957.3 14463.3 
KNO3 69.07 201.18 121.607 90.74 1.20 15572.0 14444.5 
KNO3 69.07 201.76 81.106 90.28 1.20 15551.2 14431.6 
KNO3 69.07 201.10 48.256 89.71 1.20 15689.0 14346.2 
KNO3 69.07 201.36 11.489 89.47 1.20 15152.4 14319.0 
KNO3 92.08 59.04 296.742 90.84 1.20 13123.2 10306.5 
KN03 92.08 59.73 282.248 90.81 1.20 12918.3 9912.6 
KNO3 92.08 59.21 234.955 91.73 1.20 12819.5 8870.3 
KNO3 92.08 59.06 196.111 89.83 1.20 9218.3 7338.7 
KNO3 92.08 59.17 173.770 89.41 1.20 8480.5 6685.2 
KNO3 92.08 58.99 139.188 89.70 1.20 7926.8 5921.7 
KNO3 92.08 59.22 114.219 90.08 1.20 7826.8 5557.3 
KNO3 92.08 58.85 83.790 89.57 1.20 6834.1 5416.5 
KNO3 92.08 60.79 48.606 88.79 1.20 6623.2 5518.1 
KNO3 92.08 60.59 32.649 89.10 1.20 6975.6 5494.2 
KNO3 92.08 99.61 327.894 87.81 1.20 12193.9 10751.2 
KNO3 92.08 99.34 289.813 88.97 1.20 11993.9 10201.7 
KNO3 92.08 101.25 257.990 88.61 1.20 11413.4 9485.9 
Al-14 
SALT Conc. Vav q Tb P aexp acaic 
g/1 cm/s kW/m2 °C bar W/m2K W/m2K 
KNO3 92.08 100.82 177.682 89.83 1.20 10639.0 8433.1 
KNO3 92.08 101.17 149.989 89.27 1.20 9717.1 8344.4 
KNO3 92.08 101.36 98.090 88.78 1.20 9426.8 8321.3 
KNO3 92.08 100.86 76.242 89.19 1.20 9281.7 8279.7 
KNO3 92.08 100.55 63.267 90.00 1.20 9186.6 8264.6 
KNO3 92.08 100.76 36.681 90.01 1.20 8931.7 8256.1 
KNO3 92.08 100.90 18.475 89.55 1.20 9222.0 8239.4 
KNO3 92.08 150.49 327.407 89.85 1.20 13946.3 12534.7 
KNO3 92.08 149.71 277.332 91.60 1.20 14137.8 12112.7 
KNO3 92.08 150.04 229.758 90.43 1.20 12995.1 11547.9 
KNO3 92.08 149.94 174.768 89.68 1.20 12768.3 11469.0 
KNO3 92.08 149.90 143.410 91.21 1.20 12676.8 11481.9 
KNO3 92.08 149.75 112.078 90.73 1.20 12606.1 11439.2 
KNO3 92.08 149.89 83.263 89.89 1.20 12503.7 11404.5 
KNO3 92.08 150.39 53.298 89.26 1.20 12462.2 11393.3 
KNO3 92.08 150.26 28.806 90.00 1.20 13028.0 11383.2 
Na2S2O3 23.73 150.36 302.501 72.29 1.70 14007.3 11988.2 
Na2S2O3 23.73 150.55 268.860 70.72 1.70 13736.6 11868.8 
Na2S2O3 23.73 150.23 227.252 70.93 1.70 13823.2 11811.9 
Na2S2O3 23.73 149.96 220.890 72.05 1.70 13904.9 11864.0 
Na2S2O3 23.73 149.99 159.803 70.42 1.70 13652.4 11652.1 
Na2S2O3 23.73 149.98 137.926 68.61 1.70 13500.0 11470.4 
Na2S2O3 23.73 150.34 109.086 69.22 1.70 13642.7 11481.3 
Na2S2O3 23.73 150.48 99.226 71.00 1.70 13674.4 11608.8 
Na2S2O3 23.73 150.33 75.903 71.89 1.70 13840.2 11619.4 
Na2S2O3 23.73 150.45 56.918 71.23 1.70 13745.1 11534.2 
Na2S2O3 23.73 150.27 39.721 70.33 1.70 13709.8 11412.7 
Na2S 2O3 23.73 150.28 13.296 
69.90 1.70 13354.9 11316.7 
Na2S2O3 23.73 199.36 300.316 72.11 1.70 15185.4 14999.6 
Na2S2O3 23.73 199.30 269.021 70.34 1.70 14803.7 14801.8 
Na2S2O3 23.73 199.46 232.638 70.70 1.70 14796.3 14786.3 
Na2S2O3 23.73 199.50 216.204 71.90 1.70 14876.8 14869.2 
Na2S2O3 23.73 198.85 153.075 70.13 1.70 14384.2 14551.1 
Na2S2O3 23.73 198.96 133.653 68.45 1.70 14252.4 14353.8 
Al-15 
SALT Conc. Vav q Tb P aexp acalc 
g/1 cm/s kW/m2 °C bar W/m2K W/m2K 
Na2S2O3 23.73 199.71 109.573 68.99 1.70 14332.9 14398.8 
Na2S2O3 23.73 199.68 101.463 70.75 1.70 14330.5 14552.3 
Na2S2O3 23.73 199.58 78.307 71.72 1.70 14459.8 14590.0 
Na. 2S2O3 23.73 199.99 56.923 71.21 1.70 14685.4 14517.3 
Na2S2O3 23.73 199.79 32.167 70.16 1.70 14359.8 14344.8 
Na2S203 31.64 200.04 318.264 71.76 1.65 15670.7 15032.5 
Na2S203 31.64 199.96 295.767 71.50 1.65 15614.6 14978.9 
Na2S203 31.64 200.04 261.071 70.76 1.65 15461.0 14871.0 
Na2S203 31.64 200.26 231.800 70.43 1.65 15493.9 14807.6 
Na2S203 31.64 199.70 202.748 70.28 1.65 15368.3 14710.1 
Na2S 203 31.64 199.90 170.374 70.12 1.65 15430.5 14646.0 
Na2S203 31.64 199.79 114.965 70.65 1.65 15341.5 14577.9 
Na2S203 31.64 199.68 92.652 71.26 1.65 15272.0 14582.7 
Na2S203 31.64 199.67 61.415 69.94 1.65 15219.5 14383.4 
Na2S203 31.64 199.62 39.498 69.38 1.65 14850.0 14273.7 
Na2S203 31.64 150.63 310.715 71.59 1.65 12190.2 11967.8 
Na2S203 31.64 150.73 292.079 71.34 1.65 12159.8 11943.8 
Na2S203 31.64 150.61 258.042 70.60 1.65 12015.8 11852.1 
Na2S203 31.64 150.77 231.232 70.25 1.65 11903.7 11802.9 
Na2S203 31.64 150.54 203.826 70.14 1.65 11711.0 11739.9 
Na2S203 31.64 150.48 171.206 69.99 1.65 11737.8 11670.3 
Na2S203 31.64 150.53 114.741 70.48 1.65 11617.1 11603.4 
Na2S203 31.64 150.64 95.744 71.07 1.65 11481.7 11616.9 
Na2S 203 31.64 150.71 65.470 69.87 1.65 11491.5 11461.2 
Na2S203 31.64 150.49 40.714 69.22 1.65 11201.2 11338.7 
Na2S2O3 23.73 101.38 308.289 89.49 1.20 14996.3 11162.1 
Na2S2O3 23.73 100.56 292.607 90.45 1.20 14659.8 11062.5 
Na2S2O3 23.73 100.73 265.504 91.20 1.20 14541.5 10682.8 
Na2S2O3 23.73 100.42 234.731 91.15 1.20 13568.3 10047.9 
Na2S2O3 23.73 100.33 206.402 90.69 1.20 12991.5 9522.5 
Na2S2O3 23.73 100.94 165.705 90.53 1.20 11463.4 9269.8 
Na2S2O3 23.73 100.28 124.349 90.92 1.20 11079.3 9211.7 
Na2S2O3 23.73 100.18 101.360 91.45 1.20 11263.4 9212.3 
Na2S2O3 23.73 100.66 81.364 90.46 1.20 10950.0 9220.6 
Al-16 
SALT Conc. Vav q Tb p aexp acalc 
g/l cm/s kW/m2 °C bar W/m2K W/m2K 
Na2S2O3 23.73 100.09 44.052 89.32 1.20 11002.4 9120.7 
Na2S2O3 23.73 58.77 303.052 89.34 1.20 12101.2 10203.8 
Na2S2O3 23.73 62.33 292.653 90.13 1.20 12242.7 10217.2 
Na2S2O3 23.73 60.50 266.101 91.04 1.20 12015.8 9759.3 
Na2S2O3 23.73 61.84 236.762 90.97 1.20 11139.0 8976.1 
Na2S2O3 23.73 61.65 205.553 90.57 1.20 10069.5 8054.0 
Na2S2O3 23.73 52.38 163.893 90.35 1.20 8937.8 6702.2 
Na2S2O3 23.73 68.13 121.045 90.75 1.20 8586.6 6800.6 
Na2S2O3 23.73 66.32 100.746 91.06 1.20 8132.9 6638.4 
Na2S2O3 23.73 60.27 79.368 90.28 1.20 7135.4 6146.9 
Na2S2O3 23.73 65.05 44.402 88.98 1.20 8679.3 6484.1 
Na2S203 31.64 60.32 342.389 91.81 1.60 15448.8 9815.7 
Na2S203 31.64 59.96 290.852 89.94 1.60 12952.4 8277.5 
Na2S203 31.64 60.02 249.381 91.25 1.60 12390.2 7637.7 
Na2S203 31.64 59.63 211.334 91.85 1.60 11515.8 6936.5 
Na2S203 31.64 59.67 170.845 90.52 1.60 9442.7 6160.4 
Na2S203 31.64 59.53 155.725 90.29 1.60 9052.4 6069.7 
Na2S203 31.64 59.92 111.019 90.20 1.60 7778.0 6112.7 
Na2S203 31.64 60.39 79.374 89.34 1.60 7392.7 6143.0 
Na2S203 31.64 59.82 39.205 88.45 1.60 7290.2 6056.8 
Na2S203 31.64 59.70 21.624 88.96 1.60 7473.2 6038.4 
Na2S203 31.64 101.28 338.253 91.03 1.60 14217.1 10350.6 
Na2S203 31.64 101.24 290.100 89.47 1.60 12400.0 9438.9 
Na2S203 31.64 101.32 250.167 90.86 1.60 12443.9 9289.0 
Na2S203 31.64 101.32 207.893 91.45 1.60 11850.0 9253.5 
Na2S203 31.64 101.52 174.693 90.14 1.60 10231.7 9275.5 
Na2S203 31.64 100.61 156.436 90.06 1.60 10086.6 9215.8 
Na2S203 31.64 101.16 112.814 89.86 1.60 9417.1 9255.4 
Na2S203 31.64 101.57 83.882 89.14 1.60 9472.0 9256.3 
Na2S203 31.64 101.81 38.758 88.44 1.60 9415.9 9212.3 
Na2S203 31.64 101.45 21.401 88.81 1.60 9398.8 9176.5 
Na2S2O3 23.73 60.60 317.472 95.05 1.20 17258.5 12682.7 
Na2S2O3 23.73 59.53 288.379 93.98 1.20 15139.0 11367.3 
Na2S2O3 23.73 60.04 239.790 93.90 1.20 13748.8 9912.4 
Al-17 
SALT Conc. Vav q Tb P aexp acalc 
g/1 cm/s kW/m2 °C bar W/m2K W/m2K 
Na2S2O3 23.73 60.34 167.925 94.67 1.20 12104.9 8013.4 
Na2S2O3 23.73 60.69 122.691 94.75 1.20 11730.5 6808.4 
Na2S2O3 23.73 60.45 79.970 95.20 1.20 9354.9 6230.7 
Na2S2O3 23.73 59.55 63.887 95.05 1.20 9198.8 6138.5 
Na2S2O3 23.73 60.68 35.345 94.23 1.20 8028.0 6216.5 
Na2S2O3 23.73 100.85 312.900 94.55 1.20 16261.0 12909.3 
Na2S2O3 23.73 96.43 287.416 93.59 1.20 14343.9 11805.1 
Na2S2O3 23.73 96.46 237.743 93.69 1.20 14058.5 10607.4 
Na2S2O3 23.73 103.39 168.860 94.52 1.20 12854.9 9764.7 
Na2S2O3 23.73 98.31 122.720 94.55 1.20 11647.6 9132.0 
Na2S2O3 23.73 99.42 80.773 95.03 1.20 10651.2 9206.3 
Na. ZS2O3 23.73 99.76 68.785 95.01 1.20 10737.8 9230.1 
Na2S2O3 23.73 99.87 33.997 94.19 1.20 12224.4 9211.1 
Na2S203 31.64 60.56 322.084 94.96 1.20 16948.8 12780.4 
Na2S203 31.64 60.90 296.306 95.11 1.20 16414.6 12074.6 
Na2S203 31.64 61.56 258.386 94.53 1.20 14268.3 10711.2 
Na2S203 31.64 61.15 226.902 94.24 1.20 12981.7 9661.4 
Na2S203 31.64 60.71 193.955 94.21 1.20 12052.4 8662.9 
Na2S203 31.64 59.96 169.651 94.23 1.20 11448.8 7936.7 
Na2S203 31.64 59.64 104.623 94.75 1.20 10173.2 6387.4 
Na2S203 31.64 59.68 78.037 94.60 1.20 8709.8 6151.4 
Na2S203 31.64 59.65 47.195 94.57 1.20 7484.1 6141.4 
Na2S203 31.64 60.44 19.089 94.54 1.20 7481.7 6191.2 
Na2S203 31.64 100.04 320.328 94.44 1.20 15480.5 13046.1 
Na2S203 31.64 100.16 289.079 94.69 1.20 15039.0 12323.5 
Na2S203 31.64 100.57 258.157 94.08 1.20 13506.1 11336.5 
Na2S203 31.64 100.33 223.844 93.82 1.20 12584.2 10453.8 
Na2S203 31.64 100.50 193.031 93.79 1.20 12076.8 9847.1 
Na2S203 31.64 100.65 165.252 93.87 1.20 11585.4 9482.6 
Na2S203 31.64 100.51 147.253 94.33 1.20 11681.7 9368.4 
Na2S203 31.64 100.08 107.778 94.49 1.20 10161.0 9248.9 
Na2S203 31.64 100.51 86.234 94.42 1.20 9626.8 9279.6 
Na2S203 31.64 100.14 49.925 94.39 1.20 9530.5 9243.3 
Na2S203 31.64 100.42 24.900 94.36 1.20 9608.5 9248.1 
Al-18 
SALT Conc. Vav q Tb P aexp acalc 
g/1 cm/s kW/m2 °C bar W/m2K W/m2K 
H2O 
. 00 300.55 311.053 51.35 1.40 16411.9 18072.2 
H2O . 00 299.63 308.449 50.82 1.40 16379.4 17967.0 
H2O . 00 299.93 284.255 50.92 1.40 16264.2 17955.1 
H2O . 00 300.20 258.650 50.69 1.40 16266.9 17903.9 
H2O . 00 299.92 231.003 50.47 1.40 16132.8 17823.3 
H2O . 00 300.08 196.501 50.69 1.40 16075.9 17800.1 
H2O . 00 298.99 171.625 50.47 1.40 15981.0 17683.5 
H2O . 00 299.57 143.140 50.00 1.40 15853.7 17614.3 
H2O . 00 299.32 114.942 50.25 1.40 15959.4 17583.0 
H2O . 00 300.41 83.050 50.51 1.40 16223.6 17610.9 
H2O . 00 299.91 56.717 49.72 1.40 16146.3 17455.2 
H2O . 00 299.97 
30.997 49.43 1.40 16936.3 17381.5 
H2O . 00 249.74 308.082 50.99 1.40 14722.2 15520.7 
H2O . 00 250.11 282.500 
50.87 1.40 14678.9 15489.5 
H2O . 00 250.04 
261.145 50.72 1.40 14715.5 15439.7 
H2O . 00 249.63 229.879 
50.55 1.40 14571.8 15354.9 
H2O . 00 250.14 
201.939 50.46 1.40 14521.7 15328.3 
H2O . 00 
249.75 170.059 50.35 1.40 14418.7 15248.0 
H2O . 00 
249.87 140.588 50.24 1.40 14302.2 15196.2 
H2O . 00 
249.97 118.160 51.00 1.40 14361.8 15235.9 
H2O . 00 250.40 
79.672 51.98 1.40 14500.0 15285.7 
H2O . 00 250.00 52.059 
50.97 1.40 14695.1 15124.6 
H2O . 00 
249.90 34.771 49.65 1.40 14940.4 14964.4 
H2O . 00 
199.95 320.042 51.59 1.14 13029.8 13048.3 
H2O . 00 
199.20 287.140 51.49 1.14 12935.0 12953.4 
H2O . 00 
199.90 259.424 50.65 1.14 12748.0 12883.6 
H2O . 
00 199.97 229.076 49.85 1.14 12630.1 12778.6 
H2O . 00 199.64 
200.190 49.77 1.14 12529.8 12710.8 
H2O . 00 
199.66 169.273 51.18 1.14 12470.2 12773.9 
H2O . 00 
199.48 140.616 52.67 1.14 12531.2 12834.7 
H2O . 00 199.83 
112.223 52.10 1.14 12466.1 12763.6 
H2O . 00 
199.62 79.764 50.35 1.14 12239.8 12562.3 
H2O . 00 199.83 
50.396 49.15 1.14 12165.3 12427.6 
H2 0 . 
00 199.63 31.553 47.95 1.14 11845.5 12287.1 
Al-19 
SALT Conc. Vav q Tb P aexp acalc 
g/1 cm/s kW/m2 °C bar W/m2K W/m2K 
H2O 
. 00 148.90 312.769 51.15 1.12 10670.7 10293.8 
H2O . 00 151.23 281.886 50.09 1.12 10590.8 10311.1 
H2O . 00 150.20 259.545 48.94 1.12 10393.0 10151.0 
H2O . 00 150.45 228.978 48.45 1.12 10261.5 10088.2 
H2O . 00 150.37 195.268 48.95 1.12 10285.9 10064.7 
H2O . 00 150.13 176.070 49.60 1.12 10321.1 10063.5 
H2O . 00 150.39 142.492 50.23 1.12 10352.3 10064.9 
H2O . 00 150.26 112.344 49.70 1.12 10317.1 9976.5 
H2O . 00 150.48 81.163 49.26 1.12 10257.5 9909.4 
H2O . 00 150.27 
56.895 49.24 1.12 10482.4 9856.4 
H2O . 00 150.33 32.190 49.82 1.12 11043.4 9854.9 
H2O . 00 99.15 
313.279 50.02 1.12 8600.3 7448.5 
H2O . 00 
99.15 288.156 50.68 1.12 8402.4 7445.9 
H2O . 00 
98.87 261.082 51.19 1.12 8199.2 7416.7 
H2O . 00 
98.16 229.580 51.04 1.12 7899.7 7325.9 
H2O . 00 100.69 203.723 50.60 1.12 7826.6 7415.9 
H2O . 
00 100.54 176.150 50.12 1.12 7708.7 7344.9 
H2O . 00 100.85 
142.750 49.62 1.12 7649.1 7289.2 
H2O . 00 100.23 
115.040 49.35 1.12 7441.7 7198.3 
H2O . 00 100.20 80.446 
49.53 1.12 7449.9 7149.9 
H2O . 00 100.37 
57.537 49.59 1.12 7426.8 7125.0 
H2O . 00 
99.94 33.871 49.60 1.12 7478.3 7061.1 
H2O . 00 100.02 
12.120 49.58 1.12 7349.6 7027.2 
H2O . 00 
60.27 310.187 49.32 1.10 8733.1 5156.9 
H2O . 00 
60.27 283.498 48.65 1.10 7928.7 5017.9 
H2O . 00 
60.14 259.935 49.26 1.10 7467.5 5014.8 
H2O . 00 60.25 
232.626 50.12 1.10 7077.2 5014.6 
H2O . 00 60.20 
202.530 50.88 1.10 6677.5 4995.9 
H2O . 00 
60.22 170.982 50.81 1.10 6187.0 4952.2 
H2O . 00 
60.29 146.868 50.01 1.10 5772.4 4897.3 
H2O . 00 
60.13 117.890 49.61 1.10 5479.7 4831.6 
H2O . 00 
60.07 83.463 49.53 1.10 5294.0 4771.8 
H2O . 00 
60.34 53.080 49.50 1.10 5234.4 4738.6 
H2O . 00 
60.14 30.785 49.60 1.10 5245.3 4692.2 
Al-20 
SALT Conc. Vav q Tb P aexp (Xcalc 
g/l cm/s kW/m2 °C bar W/m2K W/m2K 
H2O 
. 00 60.19 8.535 49.74 1.10 5429.5 4661.2 
H2O 
. 00 300.07 337.313 70.66 1.51 18008.1 19952.7 
H2O . 00 300.65 288.953 70.56 1.51 17894.3 19910.6 
H2O . 00 300.39 261.248 70.27 1.51 17733.1 19833.2 
H2O . 00 300.86 227.034 70.15 1.51 17575.9 19799.9 
H2O . 00 300.48 200.608 70.08 1.51 17504.1 19735.8 
H2O . 00 300.31 172.198 70.34 1.51 17436.3 19709.1 
H2O . 00 300.87 143.490 69.23 1.51 17153.1 19596.9 
H2O . 00 299.91 114.678 68.96 1.51 17001.4 19478.3 
H2O . 00 300.54 83.624 69.81 1.51 17074.5 19542.7 
H2O . 00 300.22 53.470 70.88 1.51 17502.7 19576.8 
H2O . 00 300.27 35.838 71.37 1.51 18215.4 19596.8 
H2O . 00 249.55 315.252 70.47 1.40 16139.6 17153.0 
H2O . 00 250.67 289.240 70.41 1.40 15987.8 17176.5 
H2O . 00 249.87 260.704 70.36 1.40 15918.7 17090.4 
H2O . 00 
250.27 231.479 70.38 1.40 15859.1 17074.3 
H2O . 00 250.29 192.538 70.19 1.40 15554.2 17006.4 
H2O . 00 250.66 168.722 
70.76 1.40 15552.8 17037.2 
H2O . 00 251.29 
148.538 71.45 1.40 15596.2 17096.5 
H2O . 00 251.25 
120.804 71.39 1.40 15407.9 17049.5 
H2O . 00 250.96 
87.261 71.11 1.40 15329.3 16962.3 
H2O . 00 251.12 
53.132 70.55 1.40 15073.2 16876.0 
H2O . 00 250.88 
34.094 70.05 1.40 15128.7 16794.2 
H2O . 00 251.06 14.466 
69.85 1.40 14994.6 16758.0 
H2O . 00 
200.83 307.646 69.57 1.34 14581.3 14343.9 
H2O . 00 200.72 
282.755 69.91 1.34 14443.1 14328.0 
H2O . 00 
200.28 258.530 69.98 1.34 14353.7 14276.0 
H2O . 00 200.50 
229.982 70.07 1.34 14128.8 14256.7 
H2O . 00 200.76 196.547 
69.71 1.34 13907.9 14202.6 
H2O . 00 
200.38 169.445 69.51 1.34 13708.7 14129.9 
H2O . 00 200.43 
145.922 70.14 1.34 13726.3 14140.8 
H2O . 00 
200.31 116.216 70.08 1.34 13501.3 14087.1 
H2O . 00 200.54 
88.861 69.92 1.34 13418.7 14049.3 
H2O . 00 
200.10 54.073 70.14 1.34 13372.7 13986.7 
Al-21 
SALT Conc. Vav q Tb P aexp acalc 
g/l cm/s kW/m2 °C bar W/m2K W/m2K 
H2O 
. 00 200.46 36.320 70.02 1.34 13178.9 13972.3 
H2O 
. 00 200.25 18.734 69.89 1.34 13292.7 13924.6 
H2O 
. 00 150.02 317.776 70.53 1.20 12139.6 11434.2 
H2O . 00 149.95 284.284 70.83 1.20 11987.8 11406.9 
H2O . 00 150.00 260.973 71.49 1.20 11948.5 11415.5 
H2O . 00 150.48 227.068 69.78 1.20 11662.6 11315.7 
H2O . 00 150.36 199.473 68.97 1.20 11443.1 11230.3 
H2O . 00 150.36 167.076 70.06 1.20 11401.1 11243.8 
H2O . 00 150.21 141.769 70.34 1.20 11353.7 11214.5 
H2O . 00 149.81 115.522 70.46 1.20 11256.1 11159.8 
H2O . 00 150.32 82.104 70.58 1.20 11192.4 11148.3 
H2O . 00 150.00 50.298 70.38 1.20 11047.4 11071.2 
H2O . 00 150.16 38.597 70.58 1.20 11181.6 11073.8 
H2O . 00 150.06 16.961 70.95 1.20 11802.2 11054.6 
H2O . 00 100.27 318.894 70.64 1.14 10554.2 8347.5 
H2O . 00 99.64 289.985 70.95 1.14 10142.3 8263.5 
H2O . 00 99.69 264.300 70.21 1.14 9720.9 8233.9 
H2O . 00 100.30 233.716 69.47 1.14 9345.5 8212.6 
H2O . 00 99.00 201.669 69.36 1.14 9088.1 8087.8 
H2O . 00 99.00 171.298 69.43 1.14 8802.2 8052.8 
H2O . 00 97.63 142.280 
69.65 1.14 8594.9 7935.6 
H2O . 00 98.74 119.990 69.71 1.14 8535.2 7978.7 
H2O . 00 99.93 89.532 
69.75 1.14 8411.9 8013.3 
H2O . 00 
99.74 50.121 69.74 1.14 8280.5 7943.0 
H2O . 00 99.42 
34.811 69.87 1.14 8277.8 7904.6 
H2O . 00 100.34 16.175 
69.82 1.14 8333.3 7932.7 
H2O . 00 50.36 304.755 71.33 
1.10 9315.7 6917.7 
H2O . 00 50.07 282.139 71.47 
1.10 8837.4 6520.4 
H2O . 00 49.60 260.560 71.68 1.10 
8479.7 6148.1 
H2O . 00 49.60 226.603 71.41 
1.10 8632.8 5519.2 
H2O . 00 
49.73 201.755 70.30 1.10 8677.5 5032.0 
H2O . 00 
49.67 169.772 68.78 1.10 7630.1 4699.0 
H2O . 00 49.20 
143.909 67.63 1.10 6937.7 4621.0 
H2O . 00 49.31 123.030 
67.07 1.10 6332.0 4589.8 
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SALT Conc. Vav q Tb p aexp acalc 
g/l cm/s kW/m2 °C bar «V/m2K W/m2K 
H2O . 00 49.33 78.949 67.15 1.10 5428.2 4532.4 
H2O . 00 49.44 55.466 67.84 1.10 5207.3 4521.9 
H2O . 00 49.28 36.630 68.54 1.10 5075.9 4498.5 
H2O . 00 49.33 11.587 69.16 1.10 5224.9 4477.6 
H2O . 00 250.68 312.057 89.30 1.41 17231.7 18444.6 
H2O . 00 
250.62 287.605 89.87 1.41 17226.3 18447.9 
H2O . 00 251.16 
259.832 89.90 1.41 17123.3 18453.9 
H2O . 00 
250.62 222.261 90.15 1.41 17089.4 18397.0 
H2O . 00 249.38 196.805 90.70 1.41 16944.4 18326.5 
H2O . 00 
250.86 168.344 90.10 1.41 16795.4 18350.8 
H2O . 00 
250.10 140.622 90.13 1.41 16527.1 18276.5 
H2O . 
00 250.05 114.202 90.33 1.41 16481.0 18254.5 
H2O . 00 250.26 
84.806 89.98 1.41 16388.9 18212.4 
H2O . 00 
249.23 51.824 89.59 1.41 16105.7 18088.4 
H2O . 00 
249.57 33.274 89.67 1.41 16000.0 18089.9 
H2O . 00 200.50 
316.411 90.97 1.33 15638.2 15454.2 
H2O . 00 
200.36 282.001 90.76 1.33 15363.1 15426.0 
H2O . 00 
200.42 259.929 90.41 1.33 15210.0 15411.9 
H2O . 00 201.26 
234.089 90.10 1.33 15073.2 15424.4 
H2O . 00 
199.37 195.325 90.15 1.33 14852.3 15271.2 
H2O . 00 
199.15 175.003 90.26 1.33 14914.6 15241.6 
H2O . 00 
199.24 139.991 90.39 1.33 14692.4 15215.5 
H2O . 00 
199.35 118.917 90.46 1.33 14623.3 15202.2 
H2O . 
00 198.82 81.358 90.38 1.33 14272.4 15122.5 
H2O . 00 
199.64 54.021 90.33 1.33 14292.7 15137.9 
H2O . 00 199.15 
33.687 90.27 1.33 14529.8 15079.7 
H2O . 00 199.42 
13.766 90.12 1.33 14411.9 15063.8 
H2O . 
00 149.15 306.861 90.57 1.27 13869.9 12558.7 
H2O . 00 
151.05 288.121 90.84 1.27 13794.0 12505.7 
H2O . 00 
151.26 256.620 90.63 1.27 13386.2 12311.9 
H2O . 00 150.08 
227.435 90.54 1.27 12935.0 12181.5 
H2O . 00 
150.00 199.197 90.27 1.27 12594.9 12164.5 
H2O . 00 
150.15 174.911 90.04 1.27 12397.0 12144.5 
H2O . 00 
150.47 144.792 89.89 1.27 12005.4 12128.5 
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SALT Conc. Vav q Tb p aexp acalc 
g/1 cm/s kW/m2 °C bar W/m2K W/m2K 
H2O . 00 150.45 113.462 
90.08 1.27 11985.1 12100.6 
H2O . 00 150.30 
84.370 90.17 1.27 11948.5 12061.7 
H2O . 00 150.18 
59.287 90.21 1.27 11911.9 12026.0 
H2O . 00 150.18 
37.186 90.15 1.27 11829.3 11996.8 
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1.2 Pool Boiling Data Bank 
The data shown below comprises all the clean heat transfer coefficients measured for 
different electrolyte solutions under pool boiling condition. 
SALT Conc. q p aexp acalc 
g/1 kW/m2 bar W/m2K W/m2K 
EDTA 1.00 481.928 1.20 38417.0 28765.7 
EDTA 1.00 421.686 1.20 35381.0 25979.8 
EDTA 1.00 361.446 1.20 28994.0 23097.7 
EDTA 1.00 301.205 1.20 25543.0 20098.7 
EDTA 1.00 271.085 1.20 23229.0 18546.5 
EDTA 1.00 240.964 1.20 19849.0 16952.8 
EDTA 1.00 210.844 1.20 17167.0 15311.0 
EDTA 1.00 180.723 1.20 14901.0 13612.4 
EDTA 1.00 150.603 1.20 12664.0 11845.0 
EDTA 1.00 120.482 1.20 10441.0 9991.0 
EDTA 1.00 77.048 1.20 6444.0 7103.9 
EDTA 1.00 57.831 1.20 5117.0 5707.6 
EDTA 1.00 38.554 1.20 3415.0 4189.1 
EDTA 1.00 28.916 1.20 2608.0 3363.7 
EDTA 1.00 19.277 1.20 2021.0 2468.8 
EDTA 1.00 9.639 1.20 1818.0 1455.0 
EDTA 1.00 4.819 1.20 1590.0 857.4 
EDTA 1.00 2.410 1.20 1496.0 505.4 
EDTA 3.00 481.928 1.20 40345.0 28765.7 
EDTA 3.00 421.686 1.20 34040.0 25979.8 
EDTA 3.00 361.446 1.20 29572.0 23097.7 
EDTA 3.00 301.205 1.20 25715.0 20098.7 
EDTA 3.00 271.085 1.20 23451.0 18546.5 
EDTA 3.00 240.964 1.20 19493.0 16952.8 
EDTA 3.00 210.844 1.20 17869.0 15311.0 
EDTA 3.00 180.723 1.20 14815.0 13612.4 
EDTA 3.00 150.603 1.20 12912.0 11845.0 
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SALT Conc. q p (Xexp acalc 
g/1 kW/m2 bar W/m2K W/m2K 
EDTA 3.00 120.482 1.20 10013.0 9991.0 
EDTA 3.00 77.048 1.20 6402.0 7103.9 
EDTA 3.00 57.831 1.20 5075.0 5707.6 
EDTA 3.00 38.554 1.20 3222.0 4189.1 
EDTA 3.00 28.916 1.20 2428.0 3363.7 
EDTA 3.00 19.277 1.20 2198.0 2468.8 
EDTA 3.00 9.639 1.20 2042.0 1455.0 
EDTA 3.00 4.819 1.20 1712.0 857.4 
EDTA 3.00 2.410 1.20 1580.0 505.4 
EDTA 6.00 481.928 1.20 39930.0 28765.7 
EDTA 6.00 421.686 1.20 33361.0 25979.8 
EDTA 6.00 361.446 1.20 29972.0 23097.7 
EDTA 6.00 301.205 1.20 25739.0 20098.7 
EDTA 6.00 271.085 1.20 23306.0 18546.5 
EDTA 6.00 240.964 1.20 20708.0 16952.8 
EDTA 6.00 210.844 1.20 18084.0 15311.0 
EDTA 6.00 180.723 1.20 15504.0 13612.4 
EDTA 6.00 150.603 1.20 12083.0 11845.0 
EDTA 6.00 120.482 1.20 9490.0 9991.0 
EDTA 6.00 77.048 1.20 6398.0 7103.9 
EDTA 6.00 57.831 1.20 4901.0 5707.6 
EDTA 6.00 38.554 1.20 3512.0 4189.1 
EDTA 6.00 28.916 1.20 2589.0 3363.7 
EDTA 6.00 19.277 1.20 2278.0 2468.8 
EDTA 6.00 9.639 1.20 2166.0 1455.0 
EDTA 6.00 4.819 1.20 1834.0 857.4 
EDTA 6.00 2.410 1.20 1625.0 505.4 
EDTA 10.00 481.928 1.20 41417.0 28765.7 
EDTA 10.00 421.686 1.20 35994.0 25979.8 
EDTA 10.00 361.446 1.20 29994.0 23097.7 
EDTA 10.00 301.205 1.20 25051.0 20098.7 
EDTA 10.00 271.085 1.20 23400.0 18546.5 
EDTA 10.00 240.964 1.20 19890.0 16952.8 
EDTA 10.00 210.844 1.20 17865.0 15311.0 
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SALT Conc. q p aexp aeaic 
g/1 kW/m2 bar W/m2K W/m2K 
EDTA 10.00 180.723 1.20 15900.0 13612.4 
EDTA 10.00 150.603 1.20 13397.0 11845.0 
EDTA 10.00 120.482 1.20 9770.0 9991.0 
EDTA 10.00 77.048 1.20 6180.0 7103.9 
EDTA 10.00 57.831 1.20 4830.0 5707.6 
EDTA 10.00 38.554 1.20 3412.0 4189.1 
EDTA 10.00 28.916 1.20 2656.0 3363.7 
EDTA 10.00 19.277 1.20 2298.0 2468.8 
EDTA 10.00 9.639 1.20 2098.0 1455.0 
EDTA 10.00 4.819 1.20 1898.0 857.4 
EDTA 10.00 2.410 1.20 1587.0 505.4 
KNO3 . 00 16.551 1.20 2145.0 2197.8 
KNO3 . 00 18.154 1.20 2352.0 2358.3 
KNO3 . 00 23.526 1.20 2856.0 2874.0 
KNO3 . 00 
30.243 1.20 3451.0 3480.9 
KNO3 . 00 48.213 1.20 5148.0 4968.1 
KNO3 . 00 80.179 1.20 7124.0 7323.1 
KNO3 . 00 145.213 1.20 
11451.0 11520.2 
KNO3 . 00 190.214 
1.20 14143.0 14154.4 
KNO3 . 00 230.226 
1.20 16245.0 16373.4 
KNO3 . 00 
301.148 1.20 20514.0 20095.8 
KNO3 2.00 20.156 1.20 2114.0 2554.2 
KNO3 2.00 31.245 1.20 2945.0 3568.5 
KNO3 2.00 40.421 1.20 3621.0 4343.0 
KNO3 2.00 53.142 1.20 4841.0 5351.0 
KNO3 2.00 75.213 1.20 6054.0 6974.5 
KNO3 2.00 100.561 1.20 7814.0 8704.3 
KNO3 2.00 140.126 1.20 9124.0 11211.1 
KNO3 2.00 160.412 1.20 11523.0 12429.1 
KNO3 2.00 200.451 1.20 14178.0 14731.9 
KNO3 2.00 250.132 1.20 19214.0 17442.7 
KNO3 6.00 20.541 1.20 2341.0 2591.4 
KNO3 6.00 30.541 1.20 2932.0 3507.0 
KNO3 6.00 40.436 1.20 3612.0 4344.2 
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SALT Conc. q p (lexp CI... 
g/1 kW/m2 bar W/m2K W/m2K 
KNO3 6.00 55.412 1.20 4814.0 5524.5 
KNO3 6.00 75.129 1.20 5842.0 6968.6 
KNO3 6.00 140.367 1.20 90148.0 11225.8 
KNO3 6.00 160.278 1.20 12235.0 12421.2 
KNO3 6.00 180.391 1.20 13214.0 13593.3 
KNO3 6.00 201.246 1.20 14254.0 14776.4 
KNO3 6.00 220.745 1.20 15128.0 15856.5 
KNO3 6.00 290.412 1.20 20514.0 19546.9 
KNO3 6.00 310.158 1.20 24124.0 20552.8 
KNO3 15.00 20.521 1.20 2054.0 2589.5 
KNO3 15.00 31.145 1.20 2823.0 3559.8 
KNO3 15.00 40.156 1.20 3015.0 4321.3 
KNO3 15.00 53.145 1.20 4156.0 5351.3 
KNO3 15.00 75.146 1.20 5416.0 6969.8 
KNO3 15.00 102.214 1.20 6945.0 8813.2 
KN03 15.00 138.124 1.20 9214.0 11088.7 
KNO3 15.00 150.145 1.20 10123.0 11817.5 
KNO3 15.00 170.165 1.20 12524.0 13001.5 
KNO3 15.00 202.236 1.20 13824.0 14831.9 
KNO3 15.00 210.236 1.20 15214.0 15277.3 
KNO3 15.00 250.217 1.20 18246.0 17447.2 
KNO3 15.00 310.256 1.20 24156.0 20557.7 
KNO3 30.00 22.034 1.20 2315.0 2733.9 
KNO3 30.00 30.548 1.20 3105.0 3507.6 
KNO3 30.00 62.325 1.20 4714.0 6042.9 
KNO3 30.00 80.179 1.20 5741.0 7323.1 
KNO3 30.00 100.145 1.20 70115.0 8676.8 
KNO3 30.00 130.245 1.20 90106.0 10602.8 
KNO3 30.00 180.212 1.20 11305.0 13583.0 
KNO3 30.00 195.114 1.20 13124.0 14431.7 
KNO3 30.00 220.123 1.20 16143.0 15822.4 
KNO3 30.00 250.132 1.20 18025.0 17442.7 
KNO3 30.00 310.245 1.20 25105.0 20557.2 
KNO3 50.00 21.423 1.20 2118.0 2675.8 
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SALT Conc. q p aexp acalc 
g/1 kW/m2 bar W/m2K W/m2K 
KNO3 50.00 31.526 1.20 2850.0 3593.0 
KNO3 50.00 60.157 1.20 5714.0 5881.9 
KNO3 50.00 81.324 1.20 5851.0 7402.7 
KNO3 50.00 101.214 1.20 7029.0 8747.4 
KNO3 50.00 130.249 1.20 8841.0 10603.1 
KNO3 50.00 160.298 1.20 10521.0 12422.3 
KNO3 50.00 190.478 1.20 13249.0 14169.4 
KNO3 50.00 210.415 1.20 14029.0 15287.3 
KNO3 50.00 310.416 1.20 23159.0 20565.8 
KNO3 70.00 20.196 1.20 1854.0 2558.1 
KNO3 70.00 30.156 1.20 2152.0 3473.2 
KNO3 70.00 41.124 1.20 2912.0 4400.5 
KNO3 70.00 60.412 1.20 3850.0 5900.9 
KNO3 70.00 80.151 1.20 4950.0 7321.1 
KNO3 70.00 105.231 1.20 6145.0 9011.0 
KNO3 70.00 140.125 1.20 7126.0 11211.0 
KNO3 70.00 158.214 1.20 9154.0 12299.0 
KNO3 70.00 190.215 1.20 12113.0 14154.5 
KNO3 70.00 210.256 1.20 13921.0 15278.5 
KNO3 70.00 250.144 1.20 15216.0 17443.3 
KNO3 70.00 270.314 1.20 17219.0 18506.3 
KNO3 70.00 310.156 1.20 22245.0 20552.7 
Na2SO4 3.00 28.145 1.20 2914.0 3295.1 
Na2SO4 3.00 40.315 1.20 3124.0 4334.3 
Na2SO4 3.00 68.021 1.20 5214.0 6459.8 
Na2SO4 3.00 85.014 1.20 6412.0 7657.6 
Na2SO4 3.00 105.016 1.20 7815.0 8996.9 
Na2S O4 3.00 130.214 1.20 9915.0 10600.9 
Na2S O4 3.00 160.197 1.20 11050.0 12416.4 
Na2S O4 3.00 201.234 1.20 13219.0 14775.8 
Na2S O4 3.00 220.169 1.20 16124.0 15824.9 
Na2S O4 3.00 250.415 1.20 18121.0 17457.7 
Na2SO4 3.00 275.314 1.20 20542.0 18766.8 
Na2SO4 3.00 320.164 1.20 24315.0 21056.7 
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SALT Conc. q p aexp (Xcalc 
g/1 kW/m2 bar W/m2K W/m2K 
Na2SO4 6.00 22.035 1.20 2413.0 2734.0 
Na2SO4 6.00 50.314 1.20 4501.0 5132.4 
Na2SO4 6.00 85.315 1.20 6514.0 7678.3 
Na2SO4 6.00 105.132 1.20 7934.0 9004.5 
Na2SO4 6.00 152.340 1.20 11132.0 11949.1 
Na2SO4 6.00 190.235 1.20 12314.0 14155.6 
Na2S 04 6.00 205.134 1.20 17136.0 14993.7 
Na2S O4 6.00 263.214 1.20 19342.0 18134.3 
Na2SO4 6.00 285.324 1.20 21835.0 19285.1 
Na2SO4 6.00 305.134 1.20 22018.0 20298.3 
Na2SO4 6.00 348.315 1.20 25342.0 22454.8 
Na2SO4 15.00 21.315 1.20 2214.0 2665.5 
Na2SO4 15.00 46.125 1.20 3550.0 4803.1 
Na2S04 15.00 71.165 1.20 5152.0 6686.3 
Na2SO4 15.00 92.156 1.20 6412.0 8143.6 
Na2S O4 15.00 120.312 1.20 8345.0 9980.2 
Na2SO4 15.00 145.256 1.20 10050.0 11522.8 
Na2SO4 15.00 180.156 1.20 11524.0 13579.8 
Na2S O4 15.00 220.168 1.20 13124.0 15824.9 
Na2S O4 15.00 280.165 1.20 19365.0 19018.6 
Na2SO4 15.00 320.156 1.20 23145.0 21056.3 
Na2SO4 30.00 26.156 1.20 2715.0 3115.9 
Na2SO4 30.00 53.265 1.20 4850.0 5360.5 
Na2SO4 30.00 73.254 1.20 5541.0 6835.5 
Na2SO4 30.00 105.216 1.20 6854.0 9010.0 
Na2S O4 30.00 125.216 1.20 8165.0 10289.1 
Na2S O4 30.00 145.216 1.20 10150.0 11520.4 
Na2SO4 30.00 180.265 1.20 11050.0 13586.1 
Na2SO4 30.00 210.169 1.20 12532.0 15273.6 
Na2SO4 30.00 230.169 1.20 15069.0 16370.3 
Na2SO4 30.00 315.415 1.20 23645.0 20818.0 
Na2SO4 45.00 19.126 1.20 2020.0 2454.1 
Na2SO4 45.00 20.516 1.20 2151.0 2589.0 
Na2SO4 45.00 31.542 1.20 2915.0 3594.4 
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SALT Conc. q p aexp acalc 
g/1 kW/m2 bar W/m2K W/m2K 
Na2SO4 45.00 45.312 1.20 3650.0 4738.4 
Na2SO4 45.00 53.312 1.20 4642.0 5364.1 
Na2SO4 45.00 80.412 1.20 5436.0 7339.3 
Na2SO4 45.00 95.312 1.20 6451.0 8355.5 
Na2SO4 45.00 135.265 1.20 9121.0 10913.2 
Na2S O4 45.00 160.197 1.20 10901.0 12416.4 
Na2SO4 45.00 201.235 1.20 11516.0 14775.8 
Na2S O4 45.00 250.216 1.20 16026.0 17447.1 
Na2S O4 45.00 290.165 1.20 19326.0 19534.2 
Na2SO4 45.00 320.165 1.20 23216.0 21056.7 
Na2SO4 59.00 27.345 1.20 2480.0 3223.4 
Na2SO4 59.00 52.314 1.20 4534.0 5287.3 
Na. 2SO4 59.00 82.715 1.20 5436.0 7499.1 
Na2SO4 59.00 105.373 1.20 7053.0 9020.2 
Na2SO4 59.00 145.314 1.20 9083.0 11526.3 
Na2SO4 59.00 173.432 1.20 10053.0 13191.5 
Na2SO4 59.00 202.174 1.20 12314.0 14828.4 
Na2SO4 59.00 220.135 1.20 14323.0 15823.1 
Na2S O4 59.00 243.174 1.20 18128.0 17071.3 
Na2SO4 59.00 295.249 1.20 19340.0 19794.8 
Na2SO4 59.00 310.439 1.20 20098.0 20567.0 
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APPENDIX 2 
The Figures shown in this Appendix are the calcium sulphate fouling runs, which have 
not been shown in the main part of the thesis. 
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Figure A2-1 Heat transfer coefficient as a function of time 
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Figure A2-2 Fouling resistances as a function of time 
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Figure A2-3 Heat transfer coefficients as a function of time 
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Figure A2-4 Fouling resistances as a function of time 
A2-3 
10,000 
W 
M2K 
8,000 
C 
u 
m 
0 6,000 
L- 
CD 
N 
C 
v 
} 4,000 
245000 W/m 2 
(CaSO4] = 2.70 g/I 
t 
v 
2,000 ö 
10 
Time 
20 30 40 50 
min 
Figure A2-5 Heat transfer coefficients as a function of time 
0.15 
m2 K 
kW 
0.12 
m 
0.09 
v 
N 
m 
0.06 
rn 
c 
3 
O 
0.03 EO 
oIE 0 10 Time zu 
3U 
Figure A2-6 Fouling resistances as a function of time 
4V 
min 
50 
A2-4 
10,000 
Ta=1 17 °C 
V= 90 cm/s 
W 
m2 K 
9,000 
C 
_ 
. Li 8,000 
7,000 
ö 6,000 
5,000 ö 
40 
Time 
80 120 160 200 
min 
Figure A2-7 Heat transfer coefficients as a function of time 
0.05 
m2 K 
kW 
0.04 
0.03 
m 
u 
c 
0 
v_ 0.02 
y 
m 
0.01 
L` 0.00 
300000 W/m 2 Tb= 80 °C 
S041=2.0g/l 
cp 
com 
ca ............................................................................................................................................. 
0.015 t 
0 40 
Time 
80 120 160 200 
min 
Figure A2-8 Fouling resistances as a function of time 
A2-5 
8,000 
W 
m2 K 
7,200 
CD 
6,400 
4- 
q= 230000 W/m 2 
[CoSO4] = 1.95 9/I 
ýýo 
ýo 
L 
5,600 
U) 
v 4,800 
4,000 ö 
100 200 300 400 500 600 
Time min 
Figure A2-9 Heat transfer coefficients as a function of time 
0.08 
m2 K 
kW 
0.06 
m 
u 
C 
v 0.04 
9 
N 
m 
0.02 
3 
0 
LL- 
0.00 
0.015 
q= 230000 W/m 2 
(CaSO4] = 1.95 9/I 
W^j 
Cal 
-10% 13 13 
19 
Ts= 112 °C 
Tb 80 °C V= 90 cm/s 
ai 
0 100 200 300 400 500 600 
Time min 
Figure A2-10 Fouling resistances as a function of time 
A2-6 
12,000 
W 
mK 
11,000 
m 10,000 
9,000 
L 
8,000 
v 7,000 
nnn 
q= 350000 W/m 2 
[CaSO41=2.0g/I 
13 
T$= 111 °C 
V=160 cm/s 
Tý 
v'vvv 
0 50 100 150 200 250 300 
Time min 
Figure A2-11 Heat transfer coefficients as a function of time 
0.05 
m2 K 
kW 
0.04 
0.03 
v 
Co 
0.02 
rn 
c 
ö 
LI- 0.01 
,ý 
Tb= 80 09 
0.0 0ä 
Figure A2-12 
350000 W/m 2 
[CaSO4j = 2.0 9/I 
C 
ft-I 
Ts= 111 C p., 
Qý V=160 cm/s IRY 
Owl, 
.ý 50 100 15a zUU LOU )uv 
Time min 
Fouling resistances as a function of time 
A2-7 
6,720 
W 
m2K 
6,440 
C 
CD 
u 
6,160 
0 V 
y 5,880 
c 
0 
t 
m 5,600 
q= 230000 W/m 2 
L(CCSO4J = 2.0 S/I 
qbm 
Q 
ELP 
Q 
IM4Q 
qjýlo 
QQ 
0 20 40 60 80 100 
Time min 
Figure A2-13 Heat transfer coefficients as a function of time 
0.025 
mK 
kW 
0.02 
0.015 
u 
C 
v 
n 0.01 
N 
m 
L 
0.005 
0 
0.00 
n nnS 
Ts= 116.5 °C 
V= 70 cm/s 
11 
QQ 
IF dp oý 
Tb 80 °C 
I 
v. vvv 
0 20 40 60 80 100 
Time min 
Figure A2-14 Fouling resistances as a function of time 
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APPENDIX 3 
The Figures shown in this Appendix are the calcium carbonate fouling runs, which 
have not been shown in the main part of the thesis. 
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APPENDIX 4. 
Calibration of Heating Element 
9 
Figure A4.1 Heater details 
rmocouple 
) 
Figure A4.1 shows schematically the details of the heating element. By performing a 
steady state energy balance the various temperature differences can be related. 
u* (T - Tb) =a (7S - Tb) _ 
Equation (A4- 1) cab be rearranged to give: 
S" (TTC - Ts) (A4.1) 
A4-1 
1_1+s(. U.. ' 
UaA, 
If a can be related to some measurable quantity such as velocity, an estimation for S/?, 
by using Equation (A4-2) can be found. The following equations which are well 
documented in any introductory heat transfer text book, are assumed to be valid. 
a«f -Re (A4-3) 
f«1 (A4-4) 
Reo. 2S 
Since the calibration runs are performed at constant surface and bulk temperatures for 
different velocities, the above proportionalities are true. By combining Equations (A4- 
3) and (A4-4) a relationship for the heat transfer coefficient can be obtained. 
a« Re° 75 (A4-5) 
Since the bulk temperature is constant the Renolds number will be proportional to the 
velocity. Noting this and grouping all the constants of proportionality into one 
constant, a, one obtains: 
1_a 
U V0.75 
(A4-6) 
Equation (A4-6) shows that a plot of 1/U versus 1/V°. 75 , for each thermocouple, gives 
S/& as the intercept. 
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Figures A4.2 and A4.3 show Equation (A4-6) plotted for each thermocouple in both 
of the heaters. Estimates for the intercepts are obtained by a least square analysis. The 
resulting A/S values are as listed in Table A4.1. 
Table A4.1 Estimated values of ? JS for the test heaters 
Heater 518 Heater 517 
(A/S)1 = 19678 W/m2K (XIS)1 = 18405 W/m2K 
(VS)2 = 20598 W/m2K (A/S)2 = 17364 W/m2K 
(A/S)3 = 20124 W/m2K (X/S)3 = 17085 W/m2K 
A4-4 
APPENDIX 5 
Computer Programs 
A5.1 Program for Processing the Clean Heat Transfer Coefficient Data Bank 
The following FORTRAN program is used to process the clean heat transfer 
coefficient data in conjunction with the correlations discussed in Chapter 3. The 
physical properties used in this program are for sodium chloride solutions. For other 
solutions the appropriate correlations for physical properties were used. 
PROGRAM MAIN 
COMMON/DIM/ R, RO, RI, DH, XH, XT 
REAL NU, NUL, NUT, MD 
CHARACTER* 64 FILENAME 1, FILENAME2 
EPS = 1.0E-5 
WRITE(*, ' (A/)') ' Enter your data filename: ' 
READ(*, ' (A)') FILENAME 1 
WRITE(*, ' (A/)') ' Enter your output filename: ' 
READ(*, ' (A)') FILENAME2 
OPEN(2, file=filename 1 status='unknown') 
OPEN(3, file=filename2, status=' unknown') 
WRITE(*, *)'Enter the number of data points' 
READ(*, *)STOP 
DO 100 II=1, STOP 
READ(2, *) CB, U, Q, TB, P, AM 
U= U/100. 
Q= Q* 1000. 
CB = CB/ 100. 
R=0.42 
RO = 0.0127 
RI = R*RO 
DH = 2.0*(RO-RI) 
A5-1 
XT = 0.08255 
XH = 0.216+XT 
CALL PHYSV(CB, P, VISV, DENV, TS, HV, SIG, DENL) 
CALL PHYSL(TB, TS, CB, VISB, DENB, CPB, TCB) 
MD = DENB*U 
PR = CPB * VISB/TCB 
RE = DENB*U*DH/VISB 
ITYPE=2.0 
Ti = TB 
T2 = T1+100.0 
TW = (T 1 +T2)/2.0 
TF = (TB+TW)/2.0 
DS = TS-TB 
DI = DS 
10 CALL XDOT(HV, CPB, Q, MD, DI, RE, PR, XD) 
CI = CB/(1.0-XD) 
IF (CI. GE. 1.0) CI = 1.0 
CALL PHYSV(CI, P, VISV, DENV, TI, HV, SIG, DENL) 
DIN =TI - TB 
TOL = ABS (DIN/DI-1.0) 
IF (TOL. LE. EPS) GO TO 20 
DI=DIN 
GO TO 10 
20 DI =DIN 
CALL FS(XD, DENB, DENV, VISB, VISV, RE, F, S, RETP) 
30 DT = TW-TB 
TFS = (TB+TS)/2.0 
CALL PHYSL(TF, TFS, CB, VISF, DENF, CPF, TCF) 
CALL PHYSL(TW, TS, CB, VISW, DENW, CPW, TCW) 
PHI = VISB/VISW 
GR = DH*DH*DH*9.81 *DENF*DENF/VISF/VISF*(DENB-DENV)/DENW 
IF(ITYPE EQ. 1) CALL LAMI(PR, PHI, GR, RETP, NU) 
IF(ITYPE. EQ. 2) CALL TURB(PR, PHI, GR, RETP, NU) 
IF(ITYPE. EQ. 3) THEN 
CALL LAMI(PR, PHI, GR, RETP, NUL) 
CALL TURB(PR, PHI, GR, RETP, NUT) 
NU = (NT L**3.0+NUT **3.0) ** (1.0/3.0) 
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END IF 
AC = NU*TCB/DH 
QC = AC*DT 
QB = (Q-QC)/S 
IF(QB) 40,40,50 
40 AB=0.0 
GO TO 60 
50 CALL BOIL(P, QB, ANB) 
AB = ANB*(1.0-DI/DT)*S 
IF(AB LE. 0.0) AB = 0.0 
60 ACB = AC+AB 
QI = ACB*DT 
TOL = ABS(QI/Q-1.0) 
IF(TOL. LE. EPS) THEN 
GO TO 80 
END IF 
IF(QI. LT. Q) THEN 
TI = TW 
TW = (T1+T2)/2.0 
TF = (TB+TW)/2.0 
GO TO 70 
END IF 
IF(QI. GT. Q) THEN 
T2=TW 
TW = (T 1 +T2)/2.0 
TF = (TB+TW)/2.0 
GO TO 70 
END IF 
70 GO TO 30 
80 TW = Q/ACB+TB 
WRITE(3,90) ACB 
90 FORMAT(1 X, F 12.4) 
100 CONTINUE 
END 
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SUBROUTINE XDOT(HV, CP, QN, MD, DS, RE, PR, XD) 
COMMON/DIM/ R, RO, RI, DH, XH, XT 
REAL NB, MD 
NB = QN/(MD*HV) 
PHO = -CP*DS/HV 
DL = -PHO*DH/(4.0*NB) 
C=1.0/SQRT((455.0/(RE*PR))**2.0+0.0065**2.0) 
PHN = -C*NB 
DTH = DL-XT 
PH = -4.0*NB*DTH/DH 
IF((PHN-PH). GE. 0.0) THEN 
XD = 0.0 
GO TO 10 
END IF 
XD = PH-PHN*EXP(PH/PHN-1.0) 
10 RETURN 
END 
SUBROUTINE LAMI(PR, PHI, GR, RE, NUL) 
COMMON/DIM/ R, RO, RI, DH, XH, XT 
REAL NUD, NUP, NU 1, NU2, M, NUL 
RES = SQRT(RE*RE+GR/2.5) 
GZ = RES*PR*DH/XT 
FI = FLAMI(RES) 
FIRE = FI*RES 
NUD = 6.487912 
NUP = 6.547736 
M=0.5-0.3/(1.0+0.8*PHI**0.413) 
NU1 = 6.0*(NUP-NUD)*M+3.0*NUD-2.0*NUP 
NU2 = 0.517*FIRE**(1.0/3.0) 
NU2 = NU2*GZ**M 
NUL = (NU1**3.0+NU2**3.0)**(1.0/3.0) 
RETURN 
END 
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SUBROUTINE TURB(PR, PHI, GR, RE, NUT) 
COMMON/DIM/ R, RO, RI, DH, XH, XT 
REAL NUT 
RES = SQRT(RE*RE+GR/2.5) 
F= FTURB(RES) 
NUT = F/2.0*RES*PR 
NUT = NUT/(1.0+12.7*SQRT(F/2.0)*(PR**(2.0/3.0)-l. 0)) 
NUT = NUT * (1.0+(1.0/3.0) * (DH/XT) ** (2.0/3.0) ) 
NUT = NUT*0.86*(1.0/R)**0.16 
NUT = NUT*PHI**O. 11 
RETURN 
END 
SUBROUTINE BOIL(P, QB, AB) 
REAL NP 
AO = 6000.0 
QO = 20000.0 
PC = 221.2 
PS = P/PC 
FD = 1.73*PS**0.27+(6.1+0.68/(1.0-PS))*PS*PS 
NP = 0.9-0.3*PS**0.15 
AB = AO*(QB/QO)**NP*FD 
RETURN 
END 
SUBROUTINE PHYSL(T, TS, C, VIS, DEN, CP, TC) 
REAL KW 
TI =T 
IF(T GE. TS) T= TS 
C=C* 100.0 
IF (C EQ. 0.00) THEN 
ZETA=1.0 
GO TO 10 
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END IF 
X=(1000.0*C)/((100.0-C)*58.425) 
ZETA=0.977479+0.057527*X+0.001331 *T 
ZETA=ZETA+0.021254*X*X-7.121041 E-6*T*T 
10 UW=1.546035-0.025233 *T+ 1.21648E-4*T*T 
UW=UW/1000.0 
VIS=ZETA*UW 
IF (C EQ. 0.00) THEN 
DEN= 1002.028-0.233173*T-4.605731E-4*T*T-1.51505E-5*T*T*T 
DEN=DEN/ 1000.0 
GO TO 20 
END IF 
DEN=1.007913+0.003451 *C-1.531018E-4*T 
DEN=DEN+3.8 3 8497E-4 *C* C-2.991744E-6 *T*T 
20 DEN=DEN * 1000.0 
IF (C EQ. 0.00) THEN 
CP=4.208154-0.001015 * T+5.04918 6E-7 *T* T+9.31109 6E- 8*T*T*T 
GO TO 30 
END IF 
CP=4.660684-0.194571 *C+0.001355*T 
CP=CP+0.010072*C*C-3.411203E-6*T*T 
30 CP=CP* 1000.0 
KW=0.567159+0.001934*T-7.914574E-6*T*T 
IF (C EQ. 0.00) THEN 
DELK=1.0 
GO TO 40 
END IF 
DELK=1.0-(1.0E-5 *248.0*C) 
40 TC=DELK*KW 
C=C/100.0 
T=TI 
RETURN 
END 
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SUBROUTINE PHYSV(C, P, VISV, DENV, TS, HV, SIG, DE\"L) 
REAL MR 
R=8.314 
MR = 18.02 
TC = 647.25 
PC = 221.19 
PN = 1.01325 
C=C* 100.0 
CON=C* 10.0/58.425 
BPR=0.513*CON 
TSN=100.0+BPR 
VISV = 11.072725+1.4372970*P-0.28868544*P*P 
VISV = (VISV+0.024571084*P*P*P)* 1.0E-6 
HV = (2.0935*(LOG(PC)-1.0))/(0.930-(TSN+273.15)/TC) 
HV = HV*(TSN+273.15)*4.184/MR* 1000.0 
Fl = (273.15+TSN)*LOG(P/PN)*(0.041 *P/PN+0.942) 
F2 = HV*MR/1000.0/(R*(TSN+273.15)) 
F2 = F2-0.15 *LOG(P/PN) 
TS = TSN+F1/F2 
F3 = ((1.0-(TS+273.15)/TC)/(1.0-(TSN+273.15)/TC))* *0.32 
HV = HV*F3 
DENV = P/(R* 10.0*(TS+273.15))*MR* 1000.0 
IF (C EQ. 0.00) THEN 
DENL=1.002028E3-. 233173 *TS-4.605731 E-4*TS *TS-1.51505E-5 *TS *TS *TS 
DENL=DENL/ 1000.0 
GO TO 10 
END IF 
DENL=1.007913+0.003451 *C-1.531018E-4*TS 
DENL=DENL+3.838497E-4*C*C-2.991744E-6*TS *TS 
10 DENL=DENL* 1000.0 
C=C/ 100.0 
F4 = 52.1 *(1.0-0.456*C**0.377) 
SIG = 0.001 *(F4*(DENU(1000.0*MR)-DENV/(1000.0*MR)))* *4.0 
RETURN 
END 
A5-7 
SUBROUTINE FS(XD, DENB, DENV, VISB, VISV, RE, F, S, RETP) 
COMMON/DIM/ R, RO, RI, DH, XH, XT 
IF(XD. LE. 0.0) THEN 
F=1.0 
GO TO 10 
END IF 
XTT = ((1.0-XD)/XD)**0.9*SQRT(DENV/DENB) 
XTT = XTT*(VISB/VISV)**O. 1 
F=2.35*(1.0/XTT+0.213)**0.736 
IF(F LE. 1.0) F=1.0 
10 RETP = RE*(1.0-XD)*F**1.25 
S=1.0/(1.0+2.53E-6*RETP* * 1.17) 
RETURN 
END 
FUNCTION FLAMI(RE) 
COMMON/DIM/ R, RO, RI, DH, XH, XT 
RML = SQRT((1.0-R*R)/(2.0*LOG(1. O/R))) 
DR = (1.0+R*R-2.0*RML*RML)/((1.0-R)*(1.0-R)) 
F= 16.0/(RE*DR) 
FR = (1.0+R)/R*(RML*RML-R*R)/(1.0-R*R) 
FLAMI = F*FR 
DEL = 2.11 *DH/SQRT(RE*DH/XH) 
PHI = (RML-R)*RO/DEL 
IF (PHI. LE. 1.0) THEN 
PHI = 1.0 
END IF 
FLAMI = FLAN I*PHI 
RETURN 
END 
FUNCTION FTURB(RE) 
COMMON/DIM/ R, RO, RI, DH, XH, XT 
FTURB = 1.0/(1.5635*LOG(REl7.0))**2.0 
RETURN 
END 
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A5.2 Program for Prediction of Calcium Carbonate Fouling Rates 
The following FORTRAN program is used to predict the fouling rates of calcium 
carbonate using the Chan and Ghassemi model [82,83]. In this method the Chen model 
[42] is used for combination of the fouling rates for the bubble affected and forced 
convective parts of the heat transfer area. For prediction of the fouling rates for the 
forced convective parts Chan and Chassemi model [82,83] is used. 
DIMENSION CCA(120,200), V(200) 
DOUBLE PRECISION 
CCA, V, Z1, Z2, Z3, Z4, ANI, AKR, AKSP, BKSP, ROH, ROH 1 
DOUBLE PRECISION 
RC, RT, VMAX, CAO, AK, ALANDA, ALANDA 1, AK 1, AMIU, ROH2 
DOUBLE PRECISION 
ALANDA2, ALANDA3, ALR, DH, DJ, F2, F 1, DELTA, TOW, AN2 
DOUBLE PRECISION 
Dl , DRO, VCOF 1, 
VCOF2, VCOF3, DR, X, A, AAVER, XAVER, AN 
CHARACTER* 64 FILENAME 1, FILENAME2 
WRITE(*, '(A/)') ' Enter your data filename: ' 
READ(*, ' (A)') FILENAME 1 
WRITE(*, '(AJ)') ' Enter your output filename: ' 
READ(*, ' (A)') FILENAME2 
OPEN(2, file=filename l , status='unknown' 
) 
OPEN(3, file=filename2, status=' unknown' ) 
WRITE(*, *)'Enter the number of data points' 
READ(*, *)STOP 
DO 100 IC=1, STOP 
READ(2, *) CAO, TB, TS, VAVE, PB 
DC=2.54 
DT=1.067 
AL=10 
M=100 
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RG = 1.987 
TS = TS + 273.15 
DJ = 1.14563 * . 000000001 
TO 336 
T1=TB+273.15 
TC=(T 1+TS)/2 
DI = DJ * (T l/ TO) * EXP(1417 * (1 / TO -1/T l)) 
DC = 2.54 
DT = 1.067 
RC = (DC 2) *. 01 
RT = (DT / 2) *. 01 
DH=(DC-DT)*. 01 
CB = 1.3272*(20.0-TB)-0.001053*(TB-20.0)*(TB-20.0) 
CB = CB/(TB+105.0) 
Fl = 1.002/1000.0 
CB = CB+LOG 1 O(F 1) 
AMID=10.0* * CB 
ROH=999.83952+16.945176*TB-0.0079870401 *TB *TB 
ROH 1=0.0000461705 *TB *TB *TB+105.56302*0.000000001 *TB *TB *TB *TB 
ROH2=208.54253 *0.000000000001 *TB *TB *TB *TB *TB 
ROH=ROH-ROH 1-ROH2 
ROH = ROH / (1.0+0.01687985*TB) 
RE = (ROH * VAVE * DH) / AMIU 
AKR = EXP(34.487 - 4800/TS) 
TAWAN =-171.9773-0.077993*TS+2903.293/TS+71.595 * LOG10(TS) 
AKSP=10**(TAWAN) 
BKSP = SQRT(AKSP) 
AK1 = . 418 
VMAX=VAVE/. 8 
AK=RT/RC 
ALANDA2 = (1 - AK) / (2 * ALOG(1 / AK)) 
ALANDA 1=1- ALANDA2 
ALANDA3 = ALANDA2 - AK * AK 
ALANDA = SQRT(ALANDA2) 
ALR = ALANDA * RC 
F2 =. 0791 / (RE * ALANDA 1) ** (. 25) 
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F1 = ABS(F2 * (ALANDA2 -2* AK * AK) / (AK * ALA- DA1)) 
TOW =FI* ROH * (VAVE) ** 2 
DELTA = (10.8 * AMID) / (VAVE *S QRT(F 1) * ROH) 
R=RC-RT 
DRO = DELTA /3 
N=RC/DRO 
LL I= (RT + DELTA) / DRO 
LL2 = (ALR) / DRO 
LL3 = (RC - DELTA) / DRO 
VCOF1 = (1 / AK1) * SQRT((TOW / ROH) * (ALANDA3 / AK)) 
VCOF2 = (1 / AK1) * SQRT((TOW / ROH) * ALANDA 1) 
VCOF3 = (VAVE ** 2*F1* ROH / AMIU) 
ONSURF = (RT / DRO) 
ITER = ONSURF -1 
KCON 1= ONSURF +1 
KCON2 = LL I 
DO 10 I= KCON 1, KCON2 
DR=DRO*I 
V(I - ITER) = VCOF3 * (DR - RT) 
10 CONTINUE 
KCON3 = LL 1+1 
KCON4 = LL2 
DO 20 I= KCON3, KCON4 
DR = DRO *I 
V(I-ITER) = VMAX - VCOF1 * ALOG((ALANDA - AK) * RC / (DR - RT)) 
20 CONTINUE 
KCON5 = LL2 +1 
KCON6 = LL3 
DO 30 I= KCON5, KCON6 
DR = DRO *I 
V(I-ITER) = VMAX - VCOF2 * ALOG((RC - ALR) / (RC - 
DR)) 
30 CONTINUE 
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KCON7 = LL3 +1 
KCON8 =N 
DO 40 I= KCON7, KCON8 
DR=DRO*I 
V(I-ITER) = VCOF3 * (RC - DR) 
40 CONTINUE 
V(N-ITER) = 0.0 
AL=AL/ 100 
DZO=AL/M 
ALPHA = DZO / (DRO) ** 2 
II = ONSURF 
NN=N 
DO 50 I=II, NN 
CCA(1, I-ITER) = CAO 
50 CONTINUE 
JJ = ONSURF +1 
GA = AKR * DRO / DI 
AAVER =0 
XAVER =0 
KK = ONSURF 
OO = ONSURF +1 
OOT=N- 1 
ML=M 
DO 70 K= 1, ML 
A= CCA(K, JJ-ITER) 
Z11=((2.0*GA*BKSP-1.0)+SQRT(1.0-4.0*GA*BKSP+4.0*GA*A))/(2*GA) 
CCA(K, KK-ITER) =Z 11 
X= CCA(K, KK-ITER) 
XAVER = XAVER +X 
AAVER = AAVER +A 
DO 60 1= OO, OOT 
Z1 = (ALPHA * Dl / V(I-ITER)) * (1+2*1) / (2*1) 
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Z2 = (ALPHA *D1/ V(I-ITER)) * (2 *I- 1) / (2 * I) 
Z3 = (1 - (2 * ALPHA * D1 / V(I-ITER))) 
Z4 = Z1*CCA(K, I-ITER+1)+Z2*CCA(K, I-ITER-1)+Z3*CCA(K, I-ITER) 
CCA(K+ 1, I-ITER) = Z4 
60 CONTINUE 
CCA(K+1, N-ITER) = CCA(K+1, N-TTER-1) 
70 CONTINUE 
AFN I=0.0 
AAVER = AAVER /M 
XAVER = XAVER /M 
AN 1= Dl * (AAVER - XAVER) / DRO 
DROH = 27.05 
DLAND = 0.001942 
AN 1= AN 1/ (DROH * DLAND) 
AN1=AN1*(1-PB) 
E2=14691.6 
K01=27.61 
K2=EXP(KO1-E2/TS) 
DR2=2705 
AN2=(PB *K2/(DR2*DLAND))*((1.5 *CAO-BKSP)* *2) 
AN=AN1+AN2 
WRITE(3,80)AN 
80 FORMAT(1X, F14.9) 
100 CONTINUE 
END 
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A5.3 Program for Prediction of Calcium Carbonate Fouling Rates 
The following QUICK BASIC program is used to predict the fouling rates of calcium 
carbonate using Hasson's ionic diffusional model [74]. In this method the Chen model 
[42] is used for combination of the fouling rates for the bubble affected and forced 
convective parts of the heat transfer area. For prediction of the fouling rates for the 
forced convective parts Hasson's ionic diffusional model [74] is used. 
DECLARE SUB BOX (11%, 12%) 
DECLARE SUB INPUTSTR (int$, legal) 
DECLARE SUB BOX (11%, 12%) 
DECLARE SUB INPUTSTR (int$, legal) 
DEFDBL A-H, P-Z 
DEFINT I-0 
CLS 
SOUND 350,5: SOUND 400,5: SOUND 600,5: SOUND 800,10 
FOR J=0 TO 5000: NEXT J 
SOUND 800,10: SOUND 600,5: SOUND 400,5: SOUND 350,5 
SCREEN 9: COLOR, 1 
CLS 
FOR I= 1 TO 19 
LOCATE I, 23: COLOR 12: PRINT "SCHOOL" 
FOR J=0 TO 10000: NEXT J 
LOCATE I, 23: PRINT 
NEXT I 
FOR I= 15 TO 19 
LOCATE I, 23: PRINT "SCHOOL" 
FOR J=0 TO 10000: NEXT J 
LOCATE I-1, 23: PRINT " 
NEXT I 
FORI=iTO 19 
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LOCATE I, 31: COLOR 12: PRINT "OF" 
FOR J=0 TO 10000: NEXT J 
LOCATE I, 31: PRINT 
NEXT I 
FORI= 15 TO 19 
LOCATE I, 31: PRINT "OF" 
FOR J=0 TO 10000: NEXT J 
LOCATE I-1,31: PRINT 
NEXT I 
FOR I= 1 TO 19 
LOCATE I, 36: COLOR 12: PRINT "PETROLEUM" 
FOR J=0 TO 10000: NEXT J 
LOCATE I, 36: PRINT 
NEXT I 
FOR I= 15 TO 19 
LOCATE I, 36: PRINT "PETROLEUM" 
FOR J=0 TO 10000: NEXT J 
LOCATE I-1, 36: PRINT " of 
NEXT I 
FOR I= 1 TO 19 
LOCATE I, 48: COLOR 12: PRINT "ENGINEERING" 
FOR J=0 TO 10000: NEXT J 
LOCATE I, 48: PRINT " it 
NEXT I 
FORI= 15 TO 19 
LOCATE I, 48: PRINT "ENGINEERING" 
FOR J=0 TO 10000: NEXT J 
LOCATE I-1, 48: PRINT " it 
NEXT I 
FOR I= 1 TO 16 
LOCATE I, 25: COLOR 14: PRINT "UNIVERSITY" 
FOR J=0 TO 10000: NEXT J 
LOCATE I, 25: PRINT " 
NEXT I 
FORI=12TO 16 
LOCATE I, 25: PRINT "UNIVERSITY" 
FOR J=0 TO 10000: NEXT J 
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LOCATE I-1,25: PRINT " 11 
NEXT I 
FORI=1TO 16 
LOCATE I, 36: COLOR 14: PRINT "OF" 
FOR J=0 TO 10000: NEXT J 
LOCATE I, 36: PRINT 
NEXT I 
FOR I= 12 TO 16 
LOCATE I, 36: PRINT "OF" 
FOR J=0 TO 10000: NEXT J 
LOCATE I-1, 36: PRINT 
NEXT I 
FOR I= 1 TO 16 
LOCATE I, 39: COLOR 14: PRINT "PETROLEUM" 
FOR J=0 TO 10000: NEXT J 
LOCATE I, 39: PRINT " 11 
NEXT I 
FORI=12TO16 
LOCATE I, 39: PRINT "PETROLEUM" 
FOR J=0 TO 10000: NEXT J 
LOCATE I-1,39: PRINT "" 
NEXT I 
FORI=1TO16 
LOCATE I, 49: COLOR 14: PRINT "INDUSTRY" 
FOR J=0 TO 10000: NEXT J 
LOCATE I, 49: PRINT " it 
NEXT I 
FORI=12TO16 
LOCATE I, 49: PRINT "INDUSTRY" 
FOR J=0 TO 10000: NEXT J 
LOCATE I-1,49: PRINT " it 
NEXT I 
LINE (320,5)-(565,335), 15 
LINE (320,5)-(65,335), 15 
FOR I=1 TO 238 STEP 2 
LINE (200 + I, 185)-(320,20), 11 
NEXT I 
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FOR I= 1 TO 300 
LINE (0, I)-(I, 0), 10 
LINE (639, I)-(639 - I, 0), 10 
NEXT I 
DO % 
FOR I= I TO 90 
CIRCLE (0 + I, 0+ I), I, 13 
NEXT I 
FOR I= 1 TO 90 
CIRCLE (639 - I, 0+ I), I, 13 
NEXT I 
FOR J=0 TO 500: NEXT J 
LOCATE 23,50: COLOR 14: PRINT "«Press any key to CONTINUE»" 
IF INKEY$ <> "" THEN 
GOTO PRJ 
END IF 
FOR I= 1 TO 90 
CIRCLE (0 + I, 0+ I), I, 4 
NEXT I 
FOR I= 1 TO 90 
CIRCLE (639 - I, O+ I), 1,4 
NEXT I 
LOOP 
PRJ: 
SCREEN 0: COLOR, 1: CLS 
CLS 
FOR I=2TO8 
LOCATE 6, I: COLOR 14: PRINT "FOULING RATE PREDICTION FOR 
CALCIUM CARBONATE" 
FOR J=0 TO 10000: NEXT J 
LOCATE 6, I-1: PRINT "" 
NEXT I 
FORI=77TO38 STEP-1 
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LOCATE 10, I: COLOR 12: PRINT "BY" 
FOR J=0 TO 10000: NEXT J 
LOCATE 10, I+2: PRINT "" 
NEXT I 
FOR I=2TO44 
LOCATE 14, I: COLOR 14: PRINT "HASSON'S IONIC DIFFUSIONAL MODEL" 
FOR J=0 TO 10000: NEXT J 
LOCATE 14, I-1: PRINT "" 
NEXT I 
LOCATE 23,50: COLOR 3: PRINT "«Press any key to CONTINUE»": XCS 
= INPUT$(1) 
G=1 
FOR I= 1 TO 11 
CLS 
LOCATE I, G: COLOR 12: PRINT "ADVISERS: " 
FOR J=0 TO 10000: NEXT J 
G=G+1 
NEXT I 
FOR I= 24 TO 10 STEP -1 
LOCATE I, 20: COLOR 14: PRINT "Profs. JAMIALAHMADI & 
MULLER-STEINHAGEN" 
FOR J=0 TO 10000: NEXT J 
LOCATE I+1,20: PRINT " 
NEXT I 
FOR I= 76 TO 14 STEP -1 
LOCATE 12, I: COLOR 12: PRINT "BY: " 
FOR J=0 TO 10000: NEXT J 
LOCATE 12, I+3: PRINT 
NEXT I 
FOR I=2TO29 
LOCATE 14, I: COLOR 14: PRINT " HESAM NAJIBI" 
FOR J=0 TO 10000: NEXT J 
LOCATE 17, I-1: PRINT "" 
LOCATE 18, I-1: PRINT "" 
NEXT I 
II 
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LOCATE 23,50: COLOR 5: PRINT "«Press any key to CONTINUE»" :X XIS 
= INPUT$(1) 
s 
ltr 
START OF MAINE PROGRAM 
I iiiiiiii I WII 1111111111 1""""""IN"N44PHM 11 11 1; I'll I 
11 11 11 1. Illifillifff 
fffl f. I'll IM, I'll 1.11 11 1.11 f, ifil 
IFIII 
BEGIN: 
CLEAR ,, 2000: CLS 
DIM CA(30), TA(30), PH(30), TB(30), TS(30), V(30), ST(30), PB(30) 
SITEO: 
OPEN "C: \boiling\carbonat\qb\hasson. dat" FOR INPUT AS #1 
OPEN "C: \boiling\carbonat\gb\hasson. out" FOR OUTPUT AS #2 
LOCATE 1,5: COLOR 3,3: BOX 2,30 
LOCATE 1,2: COLOR 14,4: BOX 2,36 
LOCATE 2,4: PRINT It No of data points =? "; : CALL INPUTSTR(SA$, 
"1234567890. ") 
N= VAL(SA$) 
FOR J=1 TON 
INPUT #1, CA(J), TA(J), PH(J), TB(J), TS(J), V(J), ST(J), PB(J) 
COLOR, 1: CLS 
LOCATE 10, 10: COLOR 14,4: BOX 3,60 
LOCATE 12, 12: PRINT "program is in calculation, please wait... 
AL=10 
ROHS = 2760 
ALAM = 1.684 
V=V(J)/100 
R=1.987 
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TS = TS(J) + 273.15 
DJ = 1.145632 * 000000001# 
TO = 336 
TI = TB (J) + 273.15 
Dl = DJ * (T l/ TO) * EXP(1417 * (1 / TO -1/T l)) 
DC = 2.54 
DT = 1.067 
DH = (DC - DT) *. 01 
CB = (1.3272 * (20 - TB(J)) - . 001053 * (TB(J) - 20) * (TB(J) - 20)) 
CB = CB / (TB(J) + 105) 
F1=1.002/1000 
CB = CB + LOG(F1) / LOG(10) 
AMU = 10 ^ (CB) 
ROH = 999.83952# + 16.945176# * TB(J) - . 0079870401# * TB(J) ^2 
ROH = ROH - . 0000461705# * TB(J) A3+ 105.56302# * 10 A -9 * TB(J) ^4 
ROH = ROH - 208.54253# * (10 A -12) * TB (J) A5 
ROH = ROH / (1 + 16.87985 * 10 A -3 * TB(J)) 
RE = (ROH *V* DH) / AMU 
SC=AMU/(ROH*D1) 
BETA = . 023 * RE^. 85 * SCA. 
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BETA = BETA * (Dl / DH) 
FI = ((ST(J)) ^ . 5) / (1 + (ST(J)) A . 
5) -. 3 * ST(J) 
FM = 10 A (-. 51 * F[) 
FD=10A(-2.04*FI) 
H= (10 A (-1 * PH(J))) / FM 
AOH = ((10 A (-4787.3 / Ti - 7.1321 * LOG(T 1) / LOG(10) - . 01037 * Ti + 
22.801)) / H) / FM 
AKI = 10 A (-17052 / TS - 215.21 * LOG(TS) / LOG(10) + . 12675 * TS + 
545.56) 
AK2 = 10 A (-2902.39 / TS - . 02379 
* TS + 6.498) 
AK1 = AK1 / FM A2 
AK2=AK2/FDA2 
HCO3 = (TA(J) +H- AOH) / ((2 * AK2 / H) + 1) 
C02 = (H * (TA(J) +H- AOH)) / (AK 1+2* AK 1* AK2 / H) 
AKR = EXP(38.74 - 20700 / (R * TS)) 
AKSP = 10 A (-. 01183 * (TS - 273.15) - 8.03) 
AKSP=AKSP/(FD*ED) 
A5-20 
BKSP=AKSP^. 5 
A=1-4* AK2 * AKR * CA(J) / (BETA * AKI) 
B= C02 / CA(J) +4* AK2 * AKR * HCO3 / (AK1 * BETA) + AKSP * AKR 
/ BETA * CA(J)) 
C= AK2 * AKR * HCO3 ^2/ (AK1 * BETA * CA(J)) - AKSP * C02 * AKR 
/ (CA(J) A2 * BETA) 
CC=(1+4*A*C/B^2)^. 5-1 
WP=. 5 *BETA* CA(J) *B * CC/A 
WP=WP* 100 
DRFC = WP / (ROHS * ALAM) 
DRFC 1= DRFC * 1000 
DRFC1 = DRFC1 * (1 - PB(J)) 
E2 = 14691.6 
AKO = EXP(27.61 - E2 / TS) 
DRFC2 = PB(J) * AKO / (ROHS * ALAM) 
DRFC2 = DRFC2 * (1.7 * CA(J) - BKSP) A2 
DRFC2 = DRFC2 * 1000 
DRFC3 = DRFC l+ DRFC2 
COLOR, 1: CLS 
LOCATE 10, 10: COLOR 14,4: BOX 3,60 
LOCATE 12, 12: PRINT " CALCULATED dRf/dt IS IN (m2. K/kJ)= " 
PRINT #2, DRFC3 
NEXT J 
END 
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DEFSNG A-Z 
SUB BOX (11%, 12%) 
Row% = CSRLIN 
COL% = POS(0) 
IF Col% + 12% > 80 THEN EXIT SUB 
IF Row% +2+ 11% > 24 THEN EXIT SUB 
LOCATE, COL% 
PRINT CHR$(218); STRING$(12%, 196); CHR$(191) 
FOR I% =1 TO 11% 
LOCATE, COL% ' Locate and print side bars. 
PRINT CHR$(179); SPACE$(12%); CHR$(179) 
NEXT I% 
LOCATE, COL% 
PRINT CHR$(192); STRING$(12%, 196); CHR$(217) 
END SUB 
SUB INPUTSTR (int$, legal$) 
int$ 
DO 
s$ = INPUT$(1) 
IF s$ = CHR$(13) THEN 
EXIT DO 
ELSEIF s$ = CHR$(8) AND LEN(int$) <> 0 THEN 
xz = POS(0) 
yz = CSRLIN 
LOCATE yz, xz -1 
PRINT " "; 
xz = POS(0) 
yz = CSRLIN 
LOCATE yz, xz -1 
int$ = LEFT$(int$, LEN(int$) - 1) 
ELSE 
FOR I=1 TO LEN(legal$) 
IF s$ = MID$(legal$, I, 1) THEN 
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int$ = int$ + s$ 
PRINT s$; 
EXIT FOR 
END IF 
NEXT I 
END IF 
LOOP WHILE s$ a CHR$(13) 
END SUB 
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APPENDIX 6 
Listing of Data Acquisition Program 
The program below is the listing of the data acquisition program for the DAS-8 card, 
modified by David Bremford and Anne Duncan. The original program «as written by 
Thomas Koenig and this version was altered further by the author for measuring 
calcium sulphate and calcium carbonate fouling and clean heat transfer coefficients for 
electrolyte solutions. 
DECLARE FUNCTION basen$ (number&, nbase%) 
DECLARE FUNCTION julday& (datum$) 
DECLARE FUNCTION keyanswer% (text$, answer$) 
DECLARE FUNCTION log 1 O# (a#) 
DECLARE FUNCTION newexp% () 
DECLARE FUNCTION round# (anumber#, inum%, idirection%) 
DECLARE FUNCTION printready% () 
DECLARE FUNCTION save! () 
DECLARE FUNCTION secs& O 
DECLARE SUB axis (x%, y%, length%, fakt!, offset!, linlog%, xory%, ticks%(), 
nticks%, marks%(), nmarks%) 
DECLARE SUB chpref () 
DECLARE SUB das8 (md%, BYVAL lt%, flag%) 
DECLARE SUB diskfree (p$, totalfree&, nclust%) 
DECLARE SUB graphics 0 
DECLARE SUB finit () 
DECLARE SUB linel (x%, y%, xfakt!, xoffset!, yfakt!, yoffset!, x! (), y! (), xlinlog%, 
ylinlog%, ifrom%, nn%, nsym%) 
DECLARE SUB line2 (x%, y%, xfakt!, xoffset!, yfakt!, yoffset!, x! (), y! (), xlinlog%, 
ylinlog%, ifrom%, nn%, nsym%) 
DECLARE SUB line2a (x%, y%, xfakt!, xoffset!, yfakt!, yoffset!, x! O, y! O, xlinlog%, 
ylinlog%, ifrom%, nn%, nsym%) 
DECLARE SUB linscale (a!, B!, length%, fakt!, offset!, C!, d! ) 
DECLARE SUB logscale (a!, B!, length%, fakt!, offset!, C!, d! ) 
DECLARE SUB measure () 
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DECLARE SUB minmaxl (a! (), ifrom%, nn%, amin!, amax! ) 
DECLARE SUB minmax2 (a! O, ifrom%, nn%, amin!, amax! ) 
DECLARE SUB minmax2a (a! o, ifrom%, nn%, amin!, amax !) 
DECLARE SUB newtime O 
DECLARE SUB panic (text$) 
DECLARE SUB savedata (ifrom%, N%, file%, scrn%, printer%) 
DECLARE SUB symbol (x%, y%, mode%, size! ) 
DECLARE SUB vcheck () 
' $INCLUDE: 'gb. bi' 
' include header for INTERRUPT subroutine 
CONST Zintermax = 100 ' maximum number of intervals for time program 
CONST nheatmx =2' maximum number of heaters 
CONST Nheatknow =2' all the heaters we know about 
CONST False = 0, true = NOT False 
CONST nmx = 500 ' max number of measurements in memory at any time 
CONST Debug = False 
CONST Etype = 1, Ktype =2 
DIM lt%(15) 
COMMON SHARED lt%() 
' working array for das-8 
COMMON SHARED ntentries% 
COMMON SHARED starttime& 
' has to be here for das8 to find it 
9 number of entries in the timetable 
' second when measuring was started 
COMMON SHARED printalways%, savealways%, saveraw%, savecooked%, go%, 
useimm% 
COMMON SHARED warningsave%, warningprint%, dispsingle% 
COMMON SHARED runid$, path$ ' run-id, path to save to 
COMMON SHARED dinit$ 
COMMON SHARED av ' multiplication factor 
COMMON SHARED ibuf%, bufferfull% ' upper and lower index to circular buffer 
COMMON SHARED encode 
COMMON SHARED nheat% 
COMMON SHARED nloop% 
COMMON SHARED display% 
COMMON SHARED timeind% 
global variable for error code 
number of active heaters 
' number of measurements to be averaged 
' do we display temperatures as measured? 
' how far we've got so far with our timetable 
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COMMON SHARED ndelt%, initdelt% ' number of measurements for the delta T 
initialsation 
DIM keys%(10) ' list of active keys 
DIM keytext$(10) ' menu texts for the keys 
DIM kx(3, Nheatknow) ' kx - values 
DIM SHARED name$(Nheatknow) ' names and 
DIM SHARED active%(3, Nheatknow) ' active tc's for known heaters 
DIM SHARED e#(9), er#(3), k#(9), kr#(3) ' constants for E and K type 
thermocouples 
DIM SHARED hactive%(-1 TO nheatmx) ' list of active heaters 
DIM SHARED zinter%(Zintermax), zpunkt&(Zintermax) ' stuff for the timetable 
DIM SHARED tinterv(Zintermax) 
DIM SHARED heatname$(nheatmx) 'list of names of the heaters 
DIM SHARED tactive%(15) ' list of active thermocouples 
DIM SHARED ttype%(15) ' list of what is what 
DIM SHARED qcorr(15) ' correction factors for thermocouples 
DIM SHARED times&(nmx), cjcs(nmx), vs(15, nmx), pps(2 * nheatmx + 2, nmx) 
DIM SHARED qs(nheatmx, nmx), dds(nheatmx, nmx), alphas(nheatmx, nmx) 
DIM SHARED ts(15, nmx), tws(nheatmx, nmx), tbs(nheatmx, nmx) 
DIM SHARED flows(nheatmx, nmx) 
DIM SHARED ac(nheatmx), bc(nheatmx) ' coefficients for getting the current 
DIM SHARED sreal(15), aream(2) 
DIM SHARED areac(15) 
DIM SHARED sumdelt(nheatmx + 1) 
DIM SHARED dave(nheatmx + 1) 
CLS 
LOCATE 25,1: PRINT "Initializing... "; 
expvalid% = False ' no measurements without data entered 
go% = False ' and we don't want to start measuring 
just now 
datavalid% = False ' nor have we measured anything up to now 
unsaved% = False ' and we have no unsaved data to attend to 
useimm% = False 
saveraw% = true ' save 'raw' data, i. e. measured data 
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savecooked% = true ' save 'cooked' data, i. e. calculated 
path$ = "c: \temp\" 
av=200 
nloop% = 50 
bufferfull% = False 
ibuf% =1 
display% = true 
dispsingle% = true 
warningprint% = False 
warningsave% = False 
savealways% = true 
printalways% = False 
saveit% = true 
ndelt% = 10 
FOR i% =1 TO nheatmx 
sumdelt(i%) =0 
dave(i%) =0 
NEXT i% 
GOSUB dataread 
CALL finit 
CALL vcheck 
LOCATE 25,1: PRINT SPACE$(79); 
SCREEN 0 
CLS 
COMMENT 
The main loop determines which menu options are legal to be chosen at a 
certain time (it does not, for example, make sense to make measurements 
before choosing which heater rods to measure), then displays the main menu 
with illegal menu points disabled and waits for a permitted function key to 
be pressed. 
' For certain menu points, the user is prompted for confirmation before 
' some potentially data - losing action. 
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DO 
mainloop: 
TIMER STOP 
LOCATE 1,1 
PRINT "DATAAQ "; 
IF Debug THEN 
PRINT "Test version" 
ELSE 
PRINT" "; runid$ 
END IF 
PRINT 
keys%(1) = true 
keys%(2) = expvalid% AND NOT go% 
keys%(3) = go% OR (expvalid% AND NOT useimm%) 
keys%(4) = datavalid% 
keys%(5) = bufferfull% OR ibuf% >1 
keys%(6) = expvalid% 
keys%(7) = go% 
keys%(8) = true 
keys%(9) = true 
keys%(10) = true 
FORi=1TO10 
IF keytext$(i) o "" THEN 
IF keys%(i) THEN 
PRINT "F"; i; TAB(6); ": "; keytext$(i) 
ELSE 
PRINT SPACE$(39) 
END IF 
END IF 
NEXT i 
PRINT "delta_T 1 ", dave(l ), " delta_T 2 ", dave(2) 
LOCATE 13,1 
IF warningsave% THEN 
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PRINT "WARNING: Disk full at present, automatic saving impossible" 
ELSE 
PRINT SPACE$(79) 
END IF 
IF warningprint% THEN 
PRINT "WARNING: Printer out of paper at present, automatic printout 
impossible" 
ELSE 
PRINT SPACE$(79) 
END IF 
IF go% THEN 
TIMER ON ' if we're running, switch on the timer 
END IF 
DO 
DO 
DO 
a$ = INKEY$ 
IF datavalid% AND NOT keys%(4) THEN GOTO mainloop 
LOOP UNTIL LEN(a$) =2 
wahl = ASC(RIGHT$(a$, 1)) - 58 ' get number of function key 
LOOP UNTIL wahl >= 1 AND wahl <= 10 
LOOP UNTIL keys%(wahl) 
TIMER STOP 
funckeys: 
SELECT CASE wahl 
CASE 1 
IF unsaved% THEN 
ans = keyanswer("Data still unsaved! Continue, Save, Abort", "csa") 
SELECT CASE ans 
CASE 1 
CASE 2 
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unsaved% = NOT save 
CASE 3 
GOTO mainloop 
END SELECT 
ELSEIF datavalid% THEN 
ans = keyanswer("Start new run", "yn") 
IF ans =2 THEN GOTO mainloop 
END IF 
go% = False 
TIMER OFF 
expvalid% = newexp% 
CLS 
CASE 2 
go% = False 
TIMER OFF ' disable timer events in the queue 
IF (timeind% > 0) AND (ntentries% > 1) THEN 
answ = keyanswer("Start timetable from zero", "yn") 
IF answ =1 THEN 
timeind% =1 
starttime& = secs& 
END IF 
ELSE 
timeind% =1 
IF starttime& <= 0 THEN starttime& = secs& 
END IF 
ON TIMER(zinter%(timeind%)) GOSUB jump 
' GOSUB jump 
go% = true 
CASE 3 
saveit% = useimm% 
GOSUB jump 
saveit% = true 
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CASE 4 
display% = False 
CALL graphics 
SCREEN 0: CLS 
display% = true 
IF go% AND datavalid% THEN 
CALL savedata(ibuf% - 1,1, False, true, False) 
END IF 
CASE 5 
ans = keyanswer("save data", "yn") 
IF ans =2 THEN GOTO mainloop 
go% = False 
unsaved% = NOT save 
CASE 6 
go% = False 
TIMER OFF 
CALL newtime 
timeind% =1 
CLS 
IF go% AND datavalid% THEN 
CALL savedata(ibuf% - 1,1, False, true, False) 
END IF 
CASE 7 
go% = False 
CASE 8 
odisplay% = display% 
display% = False 
CALL chpref 
display% = odisplay% 
CLS 
IF go% AND datavalid% THEN 
CALL savedata(ibuf% - 1,1, False, true, False) 
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END IF 
CASE 9 
initialiser: 
delt = keyanswer("initialise delta T", "yn") 
IF delt =1 THEN 
initdelt% =1 
FOR i% =1 TO nheatmx 
dave(i%) =0 
sumdelt(i%) =0 
NEXT i% 
delinit: 
CLS 
PRINT "Initialising Delta T subroutine" 
PRINT "Turn power to heater off, ensure flow is on" 
PRINT "and rig at steady state" 
INPUT "number of measurements to initialise over "; ndelt% 
FOR k% =1 TO ndelt% 
INPUT "Type 'go' when ready to initialise delta T "; delt$ 
IF delt$ = "go" THEN 
'average over delt% measurements 
CLS 
PRINT "measurement ", k% 
saveit% = true 
LOCATE 25,1: PRINT "measuring... "; 
CALL measure 
LOCATE 25,1: PRINT "saving... "; 
saveit% = true 
FOR i% =1 TO nheatmx 
PRINT "delta_T ", i%, " ", dds(i%, ibuf%) 
sumdelt(i%) = dds(i%, ibuf%) + sumdelt(i%) 
NEXT i% 
ELSE 
PRINT "begin initialise program again" 
GOTO delinit 
END IF 
CALL savedata(ibuf%, 1, savealways%, display%, printalways%) 
' save, display and 
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print data 
CLS 
update to next generation of measurements 
ibuf% = ibuf% +1 
IF (ibuf% > nmx) THEN 
ibuf% =1 
bufferfull% = true 
END IF 
datavalid% = true 
unsaved% = NOT savealways% 
NEXT k% 
FORi%=1TO2 
dave(i%) = sumdelt(i%) / ndelt% 
NEXT i% 
PRINT "normalisation factors are 
FORi%=1TO2 
PRINT "heater ", i%, ": ", dave(i%) 
NEXT i% 
delt$ = "stop" 
fini = keyanswer("finished with delta T init. ", "yn") 
CLS 
IF fini =1 THEN GOTO jumpstart 
IF fini =2 THEN GOTO initialiser 
ELSE 
jumpstart: 
initdelt% =0 
END IF 
CASE 10 
choice = keyanswer("End Program or Dos Shell", "ed") 
IF choice =1 THEN GOTO endprog 
IF choice =2 THEN GOTO Dshell 
Dshell: 
CLS 
PRINT "type EXIT to return to data aquistion program" 
SHELL 
CLS 
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IF go% AND datavalid% THEN 
CALL savedata(ibuf% - 1,1, False, true, False) 
END IF 
GOTO sellO 
endprog: 
endp = keyanswer("End program", "yn") 
IF endp =2 THEN GOTO mainloop 
go% = False 
IF unsaved% THEN 
answ = keyanswer("Data still unsaved! Save", 11 yn") 
IF answ =1 THEN 
unsaved% = NOT save 
END IF 
END IF 
IF endp =1 THEN END 
CLS 
IF go% AND datavalid% THEN 
CALL savedata(ibuf% - 1,1, False, true, False) 
END IF 
GOTO sell0 
sel10: 
END SELECT 
LOOP 
END 
'COMMENT 
Measurements can be made either manually (via pressing F3), or on automatic. 
In the case of manual measurements, there is the option of turning saving 
to disk and printer off, which may be needed for power adjustments, for 
example. Automatic measurements come from the ON TIMER GOSUB statement; 
if the timetable indicates, a new ON TIMER statement is executed to 
change the interval of measurement. 
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jump: 
LOCATE 25,1: PRINT "measuring... "; 
IF saveit% THEN 
CALL measure 
LOCATE 25,1: PRINT "saving... 
CALL savedata(ibuf%, 1, savealways%, display%, printalways%) ' save, display 
and print data 
' update to next generation of measurements 
ibuf% = ibuf% +1 
IF (ibuf% > nmx) THEN 
ibuf% =1 
bufferfull% = true 
END IF 
datavalid% = true 
unsaved% = NOT savealways% 
ELSE 
oibuf% = ibuf% 
ibuf% =0 
CALL measure 
ibuf% = oibuf% 
CALL savedata(0,1, False, true, False) ' only display data 
END IF 
nowtime& = secs& 
IF timeind% < ntentries% AND nowtime& > starttime& + zpunkt&(timeind%) THEN 
' We've arrived at the next entry in our timetable 
timeind% = timeind% +1 
TIMER OFF 
ON TIMER(zinter%(timeind%)) GOSUB jump 
TIMER ON 
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END IF 
LOCATE 25,1: PRINT SPACE$(79); 
RETURN 
dataread: 
' read in the text for the function keys 
FOR i=1 TO 10 
READ keytext$(i) 
NEXT i 
DATA "Start new run", "Start measuring", "Make immediate measurement" 
DATA "Graphic output", "Save data", "Change timetable" 
DATA "Halt measuring", "Change preferences", "Initialise Delta_T", "DOS or End 
program" 
'********************************************************** 
' Read in the constants for the E and K type thermocouples 
' Source for the constants: HP - handbook 
'********************************************************** 
FOR i=0 TO 9: READ e#(i): NEXT i 
DATA 0.104967248,17189.45282, -282639.0850,12695339.5, -448703084.6 
DATA 1.10866e+10, -1.76807e+11,1.71842e+12, -9.19278e+12,2.06132e+13 
FOR i=0 TO 3: READ er#(i): NEXT i 
DATA 0,58.637565,. 046720025, -0.000014438022 
FOR i=0 TO 9: READ k#(i): NEXT i 
DATA 0.226584602,24152.10900,67233.4248,2210340.682, -860963914.9 
DATA 4.83506e+10, -1.18452e+12,1.38690e+13, -6.33708e+13,0.0 
FOR i=0 TO 3: READ kr#(i): NEXT i 
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DATA 0,39.448872,0.024548362, -0.000090918433 
READ testnum 
IF testnum <> 10166 THEN CALL panic("Wrong number of DATA items, program 
corrupted") 
DATA 10166 
FOR i=1 TO Nheatknow 
READ name$(i) 
READ active%(1, i), active%(2, i), active%(3, i) 
READ kx(1, i), kx(2, i), kx(3, i) 
READ sreal(i) 
NEXT i 
' Data lines in the format : 
heatername, active(1), active(2), active(3), kx(1), kx(2), kx(3), area 
active(i) contains the EXP - 16 channel to which a particular 
thermocouple is connected, or 0 for inactive 
'********************************************************************** 
'DATA "111A" , 12,1, 2,8679,7689, 
8720,7752,0.0131525 
'DATA "I II B" , 12,1, 
2,8078,7273, 8076,7245,0.0131525 
'DATA "515", 5,3,4, 22671,22225, 23266,0.0034050743 
'DATA "516", 5,3,4, 16434,18851, 16258,0.0034050743 
DATA "517", 12,1,2, 18405,17364, 17085,0.0034050743 
DATA "518", 5 , 3,4,19678,20598,2 
0124, . 0034050743# 
FOR i=1 TO nheatmx 
READ heatnum% 
heatname$(i) = name$(heatnum%) 
areac(i) = sreal(heatnum%) 
FORj =1 TO3 
k% = active%(j, heatnum%) 
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IF k% THEN 
tactive%(k%) =i 
qcorr(k%) = kx(j, heatnum%) 
ttype%(k%) = Etype 
END IF 
NEXT j 
NEXT i 
*******************************************************X*****##*** 
This data statement contains the heater number counting from the 
top of the list above. The list of heaters plugged in at the moment 
is made up of 2 numbers: 1,3 if heater 1 is plugged into heater 
9 source 1, heater 3 into heater source 2 
*****************************************************************## 
DATA 1,2 
' Certain EXP-16 channels are assigned constant tasks 
tactive%(9) = -1: ttype%(9) = Ktype ' temperature at bottom of annular probe 2 
tactive%(15) = -1: ttype%(15) = Ktype ' temperature at top of annular probe 2 
tactive%(14) = -1: ttype%(14) = Ktype ' temperature at top of annular probe 1 
tactive%(8) = -1: ttype%(8) = Ktype ' temperature at bottom of annular probe 1 
aream(i) is the X-sectional area of flow path through 
the test section. This is used to calculate fluid velocities 
' in the MEASURMENT subroutine 
FOR i=1 TO 2: READ aream(i): NEXT i 
DATA . 000418,0.000418 
' magic number check, in case somebody messed up the data 
lines above 
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READ testnum 
IF testnum <> 180166 THEN CALL panic("Wrong number of DATA items, program 
corrupted") 
DATA 180166 
RETURN 
'COMMENT 
Error checking is done by setting the global variable encode to the error 
code and resuming with the next statement, which should reset the error 
trap with ON ERROR GOTO 0, then check for the error condition and reset 
9 encode. 
problem: 
encode = ERR 
RESUME NEXT 
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APPENDIX 7 
Physical Properties of Electrolyte Solutions 
The physical properties required for calculation of the heat transfer coefficients or 
fouling resistances of electrolyte solutions studied in this work were taken from the 
International Critical Tables [9]. In this reference the physical properties of electrolyte 
solutions are tabulated as a function of temperature and/or concentration. The data for 
each physical property are curve-fitted to find the required correlation. 
For determination of the viscosity of the solution, the viscosity of water is determined 
first and then it is corrected for the presence of salt. The correlation of the water 
viscosity is developed by curve-fitting the data taken from reference [ 101 ]. 
Water Viscosity 
µw = bo +b, T+b2T2 +b3T3 +b4Tc +b5T5 +b6T6 
(A7-1) 
Where: 
b0=1.78456, b1=-0.057112, b2=1.148143E-3, b3=-1.39809E-5, b4=9.42404E-8, b5=- 
3.010709E-10, b6=2.947078E-13 and T is the temperature in degree Centigrade. 
Physical Properties for KNO3 Solutions 
The physical properties for potassium nitrate solutions are calculated 
using the 
following correlations: 
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Viscosity 
C= (ao +a2C+a2T+a3C2 +a4T2) 
4= (('p ) /1000 
Where: 
(A7-2) 
(A7-3) 
ap=0.964456, a1=-0.050786, a2=0.001176, a3=0.023156, a4=1.286E-5, and T is the 
temperature in Centigrade and C the concentration of the salt in mole per kilogram 
water. 
Density 
p= (eo+e1C+e2T+e3C2+e3T2) -999.8 
Where: 
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eo=1.006857, e1=0.002698, e2=-1.797861E-4, e3=5.399037E-4, e4=-3.251041E-6 and 
T is the temperature in degree Centigrade and C the concentration in g salt per 100 
g solution. 
Specific Heat 
Cp = (4.172 -0.0443C+421.2E-6C2) "1000 
Where C is the concentration in g salt per 100 g solution. 
(A7"5) 
A7.2 
Thermal Conductivity 
A= (1-. 00347C) (. 5672+. 001934T-7 
. 9146E-6T2) 
(A7-6) 
Where T is in degree Centigrade and C is g salt per 100 g solution. 
Physical Properties for Na2SO4 Solutions 
The physical properties for sodium sulphate solutions are calculated using the 
following correlations: 
Viscosity 
C= ao +alC+a2C2 +a3 C3 +a4 cd (A7-7) 
µ= (C"µß, ) /1000 (A7-8) 
Where µw is the water viscosity calculated using Equation (A7- 1) and C is the 
concentration in mole salt per kilogram water. The constants are: 
ao=1.010099, a1=0.260567, a2=4.4472E-4, a3=0.28488, a4=-5.43514E-6. 
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Densi 
p= (bo +b1C+b2T+b3C2 +b4T2) '999.8 (A7-9) 
Where T is in degree Centigrade and C is the concentration in g salt per 100 g 
solution. The constant are as follows: 
bo=1.006917, b1=0.005204, b2=-1.341766E-4, b3=5.386546E-4, b4=-3.143231E-6. 
Specific Heat 
Cp = 4.167 -47.36E-3C+675E-6 C2 (A7-10) 
Where C is the concentration of salt in g salt per 100 g solution. 
Thermal Conductivity 
1l= (1-. 0002C) (. 5672+. 00193T-7 . 9146E-6T2) 
(A7-11) 
Where T is in degree Centigrade and C is the concentration in g salt per 100 g 
solution. 
Physical Properties for NaCl Solutions 
The physical properties for sodium chloride solutions are calculated using the 
following correlations: 
A7-4 
Viscosity 
(=a0 +a1C+a2T+a3C2 -a4T2 
I' = (Z'µw) /1000 
(A7-12) 
(A7-13) 
Where T is in degree Centigrade and C is the concentration in mole salt per kilogram 
water. The constants are as follows: 
a07-0.977479, a1=0.057527, a2=0.001331, a3=0.021254, a4=-7.121041E-6. 
Density 
p= (bo +b1C-b2T+b3C2 +b4C2) -999.8 (A7.14) 
Where T is in degree Centigrade, C is the concentration in g salt per 100 g solution. 
The constants are as follows: 
b0=1.007913, b1=0.003451, b2=-1.531018E-4, b3=3.838497E-4, b4=-2.991744E-6. 
Specific Heat 
Cp = (eo + e1C+ e2T+ e3C2 + e4T2) "1000 (A7-15) 
Where T is in degree Centigrade, C is the concentration in g salt per 100 g solution. 
The constants are as follows: 
A7-5 
e0=4.66065, e1=-0.194571, . e2=0.001355, e3=0.010072, e4=-3.411203E-6. 
Thermal Conductivity 
A= (1-. 00248C) (. 567+. 001934T-7 . 915E-6T2) 
(A7-16) 
Where T is in degree Centigrade and C is the concentration in g salt per 100 g 
solution. 
A7-6 
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